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Chapter 
Introduction 
Nuclear Magnetic Resonance (NMR) is a powerful tool for studying the struc-
tural and dynamic properties of a wide range of materials, both in the solid and 
liquid state. Applications are found in a range of disciplines, such as solid state 
physics, chemistry, biology and medical sciences.1-5 This succes is based on both 
intrinsic and external factors. First of all, the interactions responsible for the 
nuclear resonance, the Zeeman, chemical shift, direct and indirect spin-spin, and 
quadrupolar interactions, can provide important information concerning the lo-
cal environment of a nucleus and its dynamical behavior. Secondly, the ability 
to manipulate the Hamiltonian which describes the NMR phenomena, provides 
an easy means to isolate and study a part of this Hamiltonian, thereby reducing 
the complexity of the spectra and facilitating their interpretation. Thirdly, the 
rapid developments and improvements in NMR hardware have made the routine 
application of a variety of experiments possible, thus allowing NMR to become a 
major analytical tool in research laboratories. 
This thesis describes the application of solid state NMR to the study of hetero-
geneous polymer systems, in particular polymer blends. Before turning to the 
description of these experiments and the presentation of the experimental results, 
a brief introduction to solid state NMR and a short description of polymer blends 
is presented. 
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1.1 Solid State N M R 
1.1.1 The Hazniltonian 
The state of a spin system and its response after a perturbation is governed 
by both internal and external interactions. These interactions can be described 
by a Hamiltonian. The external part of this Hamiltonian consists of the Zeeman 
interactions of a spin with the static magnetic field BQ and with a time dependent 
field B 1(t), induced by RF irradiation. The internal Hamiltonian describes the 
interaction of a spin with its surroundings and contains the chemical shift, the 
direct and indirect magnetic dipole-dipole and the quadrupolar interactions. All 
interactions can be described by the general format: 
HA = CA S · RA · AA 
where CA is a constant for interaction λ, S is the nuclear spin vector, RA is 
a symmetric second rank tensor and AA is either a spin vector or an external 
magnetic field. 
The tensor RA describes the fact that nuclear spin vectors are anisotropic, which 
means that the magnitude of the coupling of a nuclear spin to either another 
spin or a magnetic field, is dependent on the relative orientation of the coupling 
partners.9 The interactions encountered in this thesis will be briefly discussed 
below. 
Zeeman interact ion 
The coupling of a spin S to an external magnetic field is described by: 
H Z i = 7s S B ¡ 
with the tensor R equal to' unity and i=0 or 1 for coupling to the static or RF 
induced magnetic field, respectively. 
Chemical Shift interaction 
The interaction of a magnetic field with electrons surrounding a nucleus, induces 
a local magnetic field at the nucleus. This shielding or chemical shift interaction 
Introduction 3 
results in the sensitivity of the resonance frequency of a nuclear spin to its local 
electronic environment. The local field will contribute to the static magnetic field 
in a way that is dependent on the orientation of the molecule with respect to the 
direction of the external magnetic field. This local field is described as: 
Βΐο£=σ Bo 
where σ is the chemical shift tensor. The interaction of a nuclear spin with this 
local field is expressed as 
Hcs = 7s S · Bioc 
= 7s S · σ • Во 
If only the secular terms are considered, the chemical shift Hamiltonian reduces 
to: 
Hcs = I's S
z
 σ
ζζ
 Bo 
if the magnetic field is applied in the z-direction. 
Magnetic Dipole-Dipole interaction 
A nuclear spin will also experience a local field due to the presence of nearby 
spins. The magnitude of this local field will depend on the distance between the 
nuclear spins and on the direction of the internuclear vector with respect to the 
magnetic field direction: 
HD = ^ S - D - Ï 
rsi 
where D is the traceless symmetric coupling tensor and I is a nuclear spin vector 
which describes either the same type of nucleus (homonuclear dipolar coupling) 
or a different nucleus (heteronuclear dipolar coupling). 
The anisotropy of the chemical shift interaction and the dipolar coupling to many 
nuclei will, in general, cause broad resonance lines in solids, which causes over-
lap and obscures (isotropic) chemical shift information. These problems can be 
overcome by manipulating the Hamiltonian in such a way that the time average 
results in narrow lines. Two techniques of high resolution solid state NMR, magic 
angle spinning (MAS) and heteronuclear dipolax decoupling are used throughout 
this thesis. 
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1.1.2 Heteronuclear Dipolar Decoupling 
In liquids the rapid tumbling of the molecules averages the anisotropic inter­
actions, which are an important cause of the linebroadening observed in solid 
state NMR spectra. Such ал averaging can also be achieved in solids by im­
posing a time dependence on parts of the Hamiltonian. This can be done by 
modulation of either the spin operators by RF irradiation, or of the geometrical 
factors by sample reorientation. 
Heteronuclear dipolar decoupling is a frequently used example of the first kind, 
in which the broadening of S spin resonance lines (such as 1 3 C) due to dipolar 
coupling with I spins (eg. 1 H, 1 9 F) is removed by strong RF irradiation at the 
resonance frequency of the I spins. This RF field can induce rapid transitions 
between the up and down states of the I spin, which makes the time average of 
the IS coupling zero. In order for this averaging to be effective, the applied RF 
field must fulfill the following conditions: 1. it should be applied at, or close to, 
the resonance frequency of the I spins and 2. its strength should be large com-
paxed to both the linewidths of the coupled S spin resonance as well as the I spin 
resonance. 
1.1.3 Magic Angle Spinning 
The anisotropy for the interactions encountered in this thesis, the chemical shift 
and dipolar interactions, can be expressed as symmetric second rank tensors. For 
any second rank tensor there exists ал axis system in which the tensor is diagonal. 
This is called the Principal Axis System (PAS); the diagonal elements are labeled 
Rjtx, Ryy and R^. The orientation of a PAS is fixed within a molecular or crystal 
frame. 
Now suppose that for a certain anisotropic interaction its PAS coincides with the 
laboratory frame (LAB) in which the magnetic field Bo is oriented along the z-axis 
(see figure 1.1). If one seeks to eliminate the effect of anisotropy then obviously 
one has to remove the orientational dependence of this tensor. In other words, 
one wishes to observe a quantity < R > which is independent of the orientation 
with respect to the magnetic field direction. Figure 1.1 shows that this cam be 
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Figure 1.1: A Principal Axis System whicb coincides with the laboratory frame. 
done by interchanging the x, y, and ζ axis of the LAB frame through reorientation 
of the magnetic field, or by interchanging the R „ , Ryy and R^ components by 
rotating the sample. We will demonstrate this below for the case of chemical 
shift anisotropy and for reorientation of the magnetic field. 
It was shown in the previous section that if a magnetic field is applied along the 
z-direction, the secular part of the chemical shift interaction is given by: 
Hcs = 7s S
z
 Rzz Bo 
in which σ
χζ
 is replaced by R^ since the PAS and LAB frame coincide in this 
example. Similarly for a magnetic field oriented along the χ and y directions: 
Hcs — is З
г
 R u Во 
Hes = 7s 5
г
 Ryy Во 
(Note that the S
z
 component of the spin vector is always chosen along the mag­
netic field direction.) If the magnetic field samples the x, y and ζ directions for 
equal periods of time, then the average chemical shift is given by: 
< H > = 7 s S , B o ! ( R „ + R
w
 + R
e
) 
= 7s S
x
 BQ Ruó 
in which Ris0 is the so called isotropic value. This orientation independent value is 
observed if the reorientation is fast compared to the magnitude of the anisotropy, 
and only if the reorientation axis is the cross diagonal of the cube depicted in 
figure 1.1. The angle between this axis and one of the LAB frame axis is 54.7 0 
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Figure 1.2: The orientation of the PAS and the rotating magnetic fìeld in the 
laboratory frame. 
and is called the Magic Angle. Rapid reorientation is achieved by rotating the 
magnetic field around this magic axis. 
The isotropic tensor value is observed for any orientation of the PAS with respect 
to the LAB frame. Consider as an example a similar tensor whose orientation is 
related to the LAB frame by a rotation around the z-axis over α (see figure 1.2). 
If the magnetic field is rotated continuously around the magic axis, the time 
dependent secular chemical shift is given by: 
cos
2
 αΚχχ + sin2 aRyy | sin 2a(R y y - R „ ) 
Ясз = 7s S. (t) I | sin 2a(Ryy - R,,) sin2 a R „ + cos2 aRyy 
0 0 
0 \ 
0 Bo(t) 
in which the tensor is expressed with respect to the LAB frame and the time 
dependences of Sz and BQ are given by 
S. (t) = S, f (t) 
Bo (t) = Bo f (t) ( -cos(ü>rt) + \/3sin(a>rt) + 1 ^ -cos(uJrt) - \/3sin(ü;rt) + 1 2cos(a>rt) + 1 у 
where ω
τ
 is the angular rotation frequency. Evaluation of the above expression 
and taking the time average over a rotor period again yields the isotropic chemical 
shift value < Η > = 7s Sz B0 В І 5 0 . 
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From a practical point of view the sample is usually rotated instead of the magnet. 
Spinning sidebands are observed in magic angle spinning spectra, if the datapoints 
are not synchronously acquired with the sample rotation. 
1.2 Polymer blends 
Polymer blends are mixtures of polymers. By varying the constituents and the 
composition ratio of a polymer mixture a realm of materials with a wide range 
of properties can be obtained.7 
Polymer blends can be categorized into miscible and immiscible polymer sys­
tems. A miscible blend is defined as a polymer-polymer system which exhibits 
macroscopic behavior similar to a single-phase material. By far the most often 
used criterion, to distinguish between miscible and immiscible systems, is the 
occurrence of a single glass transition temperature TK. The T g is a character­
istic property of a polymer and marks the transition from a rigid, glassy state 
to a flexible, rubbery state. Below Tg a polymer chain exhibits restricted local 
motions, while above this temperature translational motions of entire chains are 
possible. If in a polymer blend a single T g is observed in between the T g ' s of the 
separate components, the blend is classified as miscible. A single glass transition 
does not necessarily imply molecular mixing in a blend. It is believed that, even 
when one Τ 8 is observed, separate domains or phases of homopolymers may exist, 
whose sizes are smaller than 150 Â. 
A prerequisite for molecular mixing is a negative value for the Gibbs free energy 
of mixing (AGmix = ДНЩІ! — TASmi* < 0). Miscibility of polymer blends thus 
results from a balance between enthalpic and entropie contributions. A decrease 
in enthalpy upon mixing occurs when the different chains interact with each 
other. Examples of such interactions are dipole-dipole interactions, acid-base 
interactions and hydrogen bonding. Specific interactions will, however, increase 
the ordering in a polymer blend and therefore result in a negative value of AS,,^, 
and thus a positive entropie contribution (—TASmu > 0). Since polymers con­
sist of long chains, the change in entropy upon mixing is usually small. At low 
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temperatures a negative value of ΔΟ,ωχ is therefore caused by a negative value 
of ДНщй, and miscibility is thermodynamically possible. At elevated tempera­
tures the entropie contribution may become larger than the enthalpic term, which 
results in a positive value of AGmu· This means that polymer blends may exhib­
it miscibility below a certain temperature, while the components are immiscible 
above this temperature. This behavior is frequently observed in polymer blends.8 
The temperature at which a phase separation occurs in miscible blends, is called 
the Lower Critical Solution Temperature (LCST). 
The Gibbs free energy of mixing is a function of the composition of the blend. 
If the second derivative of the free energy with respect to the volume fraction 
of one of the components is positive, then molecular mixing can occur over the 
entire composition range. 
1.2.1 Determination of polymer-polymer miscibility 
Since the occurrence of a single glass transition temperature is the generally 
accepted criterion for distinguishing between miscible and immiscible polymer-
polymer systems, much research is devoted to the determination of this glass tran­
sition temperature. Common methods include mechanical methods, in which the 
response of a polymer to small-amplitude deformations is observed as a function 
of temperature, dielectric methods, which are used for polar macromolecules, and 
calorimetrie methods. Figure 1.3 shows examples of this last method. The spec­
tra of poly (methyl methacrylate) (PMMA), poly (vinylidene fluoride) (PVFj) 
and a PMMA/PVF2 60/40 blend (by weight ratio) are shown, obtained with a 
Differential Scanning Calorimeter (DSC). In a DSC experiment the amount of 
heat, needed to raise the temperature of a sample by a certain amount, is mea­
sured, relative to a reference. From the figure it can be seen that for the blend a 
single Tg is observed, inbetween the Tg's of the pure components. The DSC spec­
trum of PVF2 also shows the melting of PVF2 crystals at approximately 440 K. 
Apart from methods that determine the glass transition temperature, (electron) 
microscopy, infra-red spectroscopy and light scattering methods (visible light, X-
ray, neutron) are frequently used to investigate heterogeneities, morphology, local 
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Figure 1.3: DSC spectra of PMMA (a), PVF2 (e) and a PMMA/PVF2 60/40 
blend (b), obtained with a beating rate of 20 K/min. 
order and concentration fluctuations in polymer blends. The distinction between 
miscible and immiscible polymer blends is, however, often non-trivial and con­
clusions concerning miscibility may be dependent on the technique used and on 
the blend preparation. Knowledge about structure, morphology and interactions 
at a molecular scale can be obtained via distance sensitive techniques, such as 
Electron Spin Resonance9 (ESR), Nonradiative Energy Transfer10 (NRET) and 
Nuclear Magnetic Resonance. These techniques have revealed heterogeneities in 
blends for which a single glass transition temperature has been observed. 
Of these techniques NMR is the only technique that does not require alteration 
of the blend, such as the incorporation of probe molecules. NMR experiments 
can be designed to abstract spatial information ranging from molecular scale 
up to several tens of nanometers. Proton relaxation times and proton spin dif­
fusion experiments yield information on domain sizes in the order of tens of 
nanometers, while magnetization transfer experiments provide information up to 
approximately 10 Â. Through changes in chemical shift it is sometimes possible 
to detect polymer-polymer interactions, such as hydrogen bonding.11 Specific 
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information on polymer interactions has been obtained by two-dimensional NMR 
studies.12 The sensitivity of NMR linewidths to motions has been used to study 
the nature of the glass transition in polymer blends.13 The use of NMR to study 
molecular miscibility in polymer-polymer systems, as well as a discussion of the 
experimental techniques, will be presented in chapter 3. 
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Chapter Δ 
Experimental Set-Up 
2.1 Introduction 
The experiments described in this thesis, were all performed on a Bruker CXP 300 
spectrometer. The spectrometer is equipped with an ASPECT 3000 computer. 
The second RF channel, used for proton high power decoupling, is equipped with 
a homebuilt four-phase modulator. A standard Bruker double-bearing probe 
(Z 33 DR-MAS-7DB) is used, which has a double-tuned RF-coil. 7 nun ceramic 
rotors are used for magic angle spinning, which enables spinning frequencies up 
to 5.5 kHz. Several homebuilt appliances are used in the experiments, including 
a MAS rate controller and a device to synchronize the timing of the experiments 
with the sample rotation. 
2.2 Α Ή , 1 9 F , 1 3 C triple-tuned set-up 
In order to study PMMA/PVF2 blends, an additional fluorine RF channel is need­
ed, both for excitation and decoupUng purposes. Furthermore, the probe has to 
be triple-tuned, i.e. capable of handling 1 3 C , 1 9 F and 1 H radio frequencies simul­
taneously. The experimental set-up is shown in figure 2.1. The fluorine channel 
consists of a 72 MHz crystal-derived frequency source and homebuilt four-phase 
modulator. 282 MHz is generated by adding 210 MHz in the VHF converter of 
the CXP-console to the output of the four-phase modulator. Pre-amplification 
is performed by a homebuilt 35 W stage; a Bruker MSL 300 amplifier was used 
for the final stage of amplification. The timing and phases of the 1 9 F RF pulses 
were controlled via the external pulses (XT) on the CXP console. 
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Figure 2.1: The spectrometer sei-up for triple resonance 1H, 1 9 F, 1 3 С experiments. 
A standard Bruker double-bearing MAS probe was used. In order to triple-tune 
the coil, we followed an approach quite similar to that described by Kendrick and 
Yannoni.1 Since the proton and fluorine resonance frequencies are quite close 
(300.1 and 282.3 MHz, respectively), the triple-tuning cannot easily be achieved. 
The resonant modes of the RF circuit are not independent, which prohibits the 
generation of high RF fields. A solution is offered by intentionally overcoupling 
two resonators (see figure 2.2a). First, the probe is tuned at 290 MHz and the 
matching of the proton channel is disabled. A stripline filter,2 also tuned at 
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Figure 2.2: a. The lH, 19F, 13C triple-tuned circuit; b. Oscilloscope foto showing 
the tuning dips, corresponding to the proton (300.1 MHz) and fluorine (282.3 
MHz) frequencies. 
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and с simuJtaneous 1 H ала 1 9 F decoupiing. 
290 MHz, is connected between the 1 H input of the probe and the transmitter. 
By overcoupling both resonant circuits, the initial resonance is split in two and 
one obtains a circuit that can be tuned and matched to coincide with both flu­
orine and proton frequencies (see figure 2.2b). An ENI PMD80-2 combiner was 
used to route the fluorine and proton frequencies to the probe. This resulted in a 
3 dB attenuation of both RF powers. The carbon channel is not affected by the 
triple-tuning. 
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With this set-up RF field strengths up to 60 kHz on 13C, 19F and 1H were achieved. 
Figure 2.3 shows 13C spectra of PVF2 obtained by 1H-13C cross polarization us-
ing a MAS rate of 3500 Hz. The top two spectra are acquired with 1H decoupling 
during acquisition and 19F decoupling, respectively. The necessity of simultane-
ous proton and fluorine decoupling and the improvement in spectral resolution, 
are seen when comparing the upper spectra with the lower spectrum. Both PVF2 
carbon resonances are visible in the 19F,1H decoupled spectrum, as well as two 
small peaks on the right side of the CH2 resonance. We attribute these res-
onances, in analogy with similar observations in solution,3 to defects in PVF2 
corresponding to inverted monomer units. 
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Chapter 
Polarization transfer 
3.1 Introduction 
Solid state NMR has proven to be a valuable tool for structural studies. Be-
sides the structural information that can be obtained from the chemical shift 
parameters, several experimental techniques have been developed to probe the 
spatial proximity of nuclei in a range from the molecular scale (several Â) up to 
tens of nanometers. These techniques provide results that are complementary to 
X-ray studies of crystalline materials. However, in amorphous solids, or solids 
having a heterogeneous domain structure or a heterogeneous composition (e.g. 
(bio)polymers, polymer composites, polymer blends etc.) NMR is often the only 
technique with which spatial information can be obtained. 
In this thesis some solid state NMR techniques will be introduced that provide 
both qualitative and quantitative information on heterogeneity in polymer ma-
terials. The techniques are used to investigate molecular miscibility in polymer 
blends. Before describing these techniques in the next chapters, we will first dis-
cuss the possibilities NMR offers to extract spatial information. This chapter is 
dedicated to the description of some of the mechanisms of polarization transfer, 
while it also reviews briefly a number of NMR techniques which are useful in 
studying heterogeneous materials. 
The key to the investigation of spatial proximity of nuclei with NMR is the ex-
istence of a dipolar coupling between nuclear spins. The r - 3 dependence of the 
dipolar interaction, where r is the distcince between two nuclear spins, causes 
its strength to fall off rapidly with increasing distance. A study of the nucle-
ar dipole-dipole interaction will therefore yield short range information (several 
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Angstrom). Based on the involved spin-operators in the dipolar Hamiltonian, 
one can roughly differentiate between three groups of experiments. 
The first type of experiments is based on the lzSt term. Strong dipolar interac-
tions reveal themselves through this term as a line broadening or line sphtting 
of the observed resonance line, while the effect of weak dipolar interactions can 
be observed in chemical shift refocussing experiments. Examples of this kind are 
SEDOR,1 REDOR.2·3 
A second way to study nuclear dipole-dipole interactions is via Multiple Quan-
tum spectroscopy, in which terms like the double quantum operators (I+S+ and 
I_S_) are used as propagators to create multiple quantum coherences.4 
In this work a third way of studying dipolar interactions is used, namely magneti-
zation transfer between nuclei via the flip-flop term (I+S_ + I-S+) of the dipolar 
Hamiltonian. This phenomenon is known as spin diffusion or spin exchange, the 
term spin diffusion generally being reserved for the transport of spin polarization 
through a network of dipolar coupled spins, while spin exchange is mostly used 
to describe magnetization exchange between a pair of dipolar coupled nuclei. 
Magnetization exchange can be observed directly if the involved spins have re-
solved resonance lines. In this case spin diffusion studies will yield direct in-
formation on the spatial proximity of the nuclei involved. Spin diffusion will 
proceed most rapidly among abundant spins, such as protons or fluorines. How-
ever, spectra from these systems often lack spectral resolution, due to strong 
dipolar interactions and a small chemical shift range. In such cases direct de-
tection of magnetization exchange is hindered. Nevertheless, spin diffusion can 
be monitored, either directly by applying multiple pulse RF irradiation,5'e or in-
directly via transfer of magnetization to other nuclei.7"e Spin exchange in rare 
spin systems, such as 13C, 15N, 31P, or between different spin species, is generally 
much slower. The supreme spectral resolution, however, makes the interpreta-
tion and detection of spin diffusion in such systems easier. In this context a spin 
is defined as rare when the dipolar coupling to other spins is smaller than the 
separation in chemical shifts. This weak coupling situation is found when the 
natural abundance of the nucleus is low or when the average distance between 
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nuclei is large. Due to the different resonance frequencies of the participating 
spins, the spin exchange process in the weak coupling case does not conserve en­
ergy, and additional mechanisms must provide energy to make up for the energy 
mismatch. If in contrast the dipolar coupling strength is larger than the chemical 
shift difference between two spins, the situation is referred to as strong coupling. 
3.2 The flip-flop process 
We now consider the spin exchange process for two spins in more detail. The 
flip-flop process is a resonance phenomenon which is induced via the local fields 
at the site of one spin, caused by a dipolar interaction with another spin. If one 
considers two dipolar coupled spins, I A and I B , then spin A will create a dipolar 
field at site B. This field can be decomposed in components parallel and perpen­
dicular to the direction of the external magnetic field. The parallel component, 
proportional to 1*1^, will contribute to the external field and therefore influences 
the local precession frequency of spin B. The perpendicular component, propor­
tional to I+I? + I A I+, will induce transitions, causing spin A to flip up while 
simultaneously spin В flips down. Since spin В will also create a dipolar field at 
site A, this process is reciprocal. The flip-flop probability can be approximated 
by first considering two identical spin 1/2 particles. If | +) and | —) denote spins 
oriented parallel and antiparallel to the external magnetic field, respectively, then 
the dipolar coupling will cause the spins to oscillate between the | +—) and | —+) 
states. The eigenstates of the Zeeman and dipolar Hamiltonian are therefore lin­
ear combinations of these states10: (| + - ) - | —1-))/\/2 and (| + - ) + | —1-))/\/2. 
The frequency with which a flip-flop will occur depends on the energy differ­
ence between these eigenstates and therefore on the magnitude of the dipolax 
coupling. 
For an efficient spin exchange process, this flip-flop mechanism must be ener­
gy conserving, i.e. the energy required to flip spin A from down to up, must be 
matched by the energy gained in flopping spin В from up to down (see figure 3.1). 
This means that a flip-flop will occur with non-negligible probability only if spins 
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Figure 3.1: Conservation of energy in a flip-flop process 
A and В have the same resonance frequency or if the difference in resonance 
frequency is smaller than the dipolar coupling strength (strong coupling case). 
If two spins have different resonance frequencies (weak coupling) a flip-flop can 
still occur, provided there is an additional energy source to compensate for the 
energy mismatch. In the following sections we will first address spin exchange 
in the case of strong coupling, before looking at mechanisms that enable spin 
exchange in weakly coupled systems. 
3.3 Strongly coupled spin systems 
Spin exchange is generally fast in strongly coupled homonuclear spin systems, 
such as protons. In this case the strength of the dipolar interaction exceeds the 
separation in chemical shifts, thereby assuring energy conservation in the flip-
flop process. However, such systems usually consist of a large number of coupled 
spins, so the assumption of ал isolated spin pair is no longer valid. The effect 
of coupling to other spins is accounted for by assuming that they give a width 
to the | -I—) and | —+) levels. For a many spin system, the flip-flop transition 
probability is then given by Abragam10 as: 
νΐ=
1
-πωΐΓ(0) (3.1) 
where ωη is the dipolar interaction strength and ^"(0) is the so-called overlap 
integral and it represents the probability that single-quantum spin transitions 
occur at identical frequencies for spins 1 and 2 . u 
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The large number of coupled nuclei that form a network of dipolar coupled spins, 
make spin exchange in these systems a diffusional process, in which spin polar­
ization is transported between spatially separated spins. The local magnetization 
at a given time in a spin diffusion experiment can then be described, in analogy 
with heat conduction experiments, by a diffusion equation1 2 '1 3: 
0C(r,t) ^ C M ) „.,
 ч л / ч 
— ^ = D ^ 2 '
 ;
 + Т(г) · C(r, t) (3.2) 
in which C(r,t) is the magnetization density at time t and site r. D is the diffusion 
coefficient and T(r) accounts for relaxation processes which may be different for 
different parts of the sample. 
Spin diffusion plays an important role in various NMR phenomena such as relax­
ation processes. In miscible polymer systems for instance, a single longitudinal 
relaxation rate is often observed, intermediate between the relaxation times of 
the individual homopolymers, indicating that the individual relaxation processes 
are averaged due to proton spin diffusion. The ability of proton spin diffusion to 
average relaxation times in polymer blends can be used to distinguish between 
miscible and immiscible systems.8 Proton spin diffusion is believed to be effective 
over distances up to several hundred Â for Ti and up to 30 Â for Ti,, relaxation. 
(These rough estimates will depend on the magnitude of the relaxation times). 
Proton spin diffusion is therefore a suitable means to study domain sizes in het-
erogeneous materials. 
In order to observe proton spin diffusion we need a way to differentiate between 
different portions of the sample. Only then can the magnetization gradient, need-
ed for spin diffusion to proceed, be created. Although proton solid state NMR 
has a poor spectral resolution, several solutions have been proposed to overcome 
this. 
A first and obvious solution is to create spectral resolution by means of multiple 
pulse homonuclear decoupling techniques. Application of these pulse sequences 
average out the homonuclear dipolar interactions, leaving only (scaled) chemical 
shifts. Spectral resolution can be obtained while also quenching spin diffusion. 
Under these circumstances a two-dimensional exchange experiment,14 or selec-
tive inversion or saturation experiments5 can be performed, creating differences 
24 Chapter 3 
in magnetization between protons in different environments. In the mixing time 
of such an experiment no multiple pulse decoupling is applied, allowing spin 
diffusion to proceed and equilibrate the magnetization differences. Caravatti et 
al.5 , 1 4 applied these techniques to blends of poly (styrene) (PS) and poly (vinyl 
methyl ether) (PVME). In blends cast from chloroform no spin diffusion between 
PS and PVME was detected, indicating that both homopolymers exist in sepa­
rate domains. In contrast, strong spin exchange was detected in blends cast from 
toluene, indicating intimate mixing between these polymers. 
A second method for discriminating between different domains exists if the do­
mains show different intrinsic relaxation behavior. A requirement is then that 
spin diffusion does not average these relaxation rates, which means that the do­
main sizes are large compared to the distance that can be bridged by diffusion at 
the timescale of the relaxation. Secondly, the relaxation times must be substan­
tially different. (The first requirement can be relaxed by quenching spin diffusion 
through homonuclear dipolar decoupling). The basic principle of these types of 
experiments is to destroy the magnetization in one of the domains and then ob­
serve its recovery due to transport of magnetization from the other domain. 
Different relaxation rates are often observed in polymers that contain domains 
with different mobility. The Goldman-Shen pulse sequence15 discriminates on the 
basis of differences in the transverse relaxation time T2, and has been applied 
to semi-crystalline polymers6,19 and to polymers that contain both hard and soft 
segments.17 Apart from differences in Тг-геіахаііоп, magnetization gradients 
arising from differences in T1 1 8 and Tx^-relaxation,19,20 have been exploited to 
study proton spin diffusion. 
The choice of a suitable relaxation process to obtain "contriist" in a polymer 
sample is not always obvious, since relaxation times may be comparable in a cer­
tain temperature range (e.g. below the glass transition temperature Т 8 ), or fast 
spin diffusion may prevent the ability to create sharp gradients. One approach 
to overcome such problems is to study relaxation rates under multiple pulse se­
quences. These sequences effectively quench spin diffusion by eliminating the 
dipolar couplings among protons, allowing the observation of distinct relaxation 
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processes.6,20 
Yet another way to detect proton spin diffusion is via 1 3 C NMR. The supreme 
carbon spectral resolution in magic angle spinning experiments can be exploited 
by transferring proton magnetization to carbons via cross polarization. Stejskal 
et al.8 used this technique to obtain carbon-resolved ιΕ.-Ύι
ρ
 s in blends of poly 
(phenylene oxide) and poly (styrene). Schmidt-Rohr et al.7 used a combination 
of selective proton excitation, proton spin diffusion and 1 3 C detection to study 
blends of poly (ether ketone) and poly (ether imide). Techniques like the ones 
mentioned here and new developments in selective 1 H- 1 3 C transfer21,22 appear to 
be very promising. 
Finally, we mention the possibility of differentiating between different protons 
based on their proximity to another nuclear spin. This spin can then be used 
to polarize protons in its direct neighborhood and thus create spatially localized 
magnetization. McBrierty and Douglass23,24 studied transient nuclear Overhauser 
effects between fluorines and protons in blends of poly (vinylidene fluoride) with 
poly (methyl methacrylate) and poly (ethyl methacrylate). Magnetization trans­
fer experiments between fluorines and protons in combination with 1 3 C detection9 
are performed on PMMA/PVF2 blends and will be discussed in detail in the next 
chapters. 
3.4 Weakly coupled spin systems 
For homonuclear dipolar coupled rare spin pairs, such as 1 3 C, it is readily un­
derstood why spin exchange is so slow. Firstly, due to the isotopie dilution, the 
distance between nuclear spins will, on average, be large, resulting in a small dipo­
lar coupling strength ω^. The flip-flop probability is proportional to the square 
of the dipolar coupling strength and is therefore proportional to the distance be­
tween spins to the inverse sixth power. Secondly, due to spectral separation, the 
difference in resonance frequencies between two spins can be large. As a result 
the flip-flop process is not energy conserving and therefore slow. In the case of a 
heteronuclear dipolar coupled spin pair (eg. Чі-^С) the difference in resonance 
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frequencies in high field is clearly too large to be compensated by the dipolar 
interaction strength. 
In the next subsections some mechanisms will be reviewed that can compensate 
for the energy mismatch in a flip-flop process. Also the effects of these mecha­
nisms on the flip-flop probability will be discussed. The time scale for observation 
of natural abundance 1 3 C spin exchange is typically 10-100 s. Although it is rec­
ognized that isotopie enrichment сгш reduce this time scale by two orders of 
magnitude,2 5 , 2 e both the cost as well as chemical synthesis prohibit general ap­
plicability. We will therefore only refer to unenriched samples when discussing 
polarization exchange rates. 
3.4.1 Hamil tonian 
The Hamiltonian for an isolated pair of dipolar coupled spins-1 consists of: 
H = «jSi + ω,Βΐ + ω
Ώ
 2SlSl -ω
Ό
^ (S^S2. + SLS^) (3.3) 
with the frequencies, expressed in units of angular frequency, defined as: 
«D-ft^ l t fco.»*»-! ) 
r1 2 
ωι = - 7 І В О (1 - σ[) 
and where 1=1,2, r12 is the distance between spins 1 and 2 and Θ12 is the an­
gle between the directions of the internuclear vector and the external magnetic 
I—> 
l+-> ^ " T ' ^ I N N N N ^ 
I-+> 
Figure 3.2: Energy levels for two coupled spins. 
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Figure 3.3: 2D 1 3 C exchange spectrum of adamantane. No proton decoupling 
was applied during the mixing time of 2s. 
field BQ. For a weakly coupled spin system the Hamiltoman can conveniently be 
expressed in the eigenbase | ПІ!, т^) of the single spin operators S£ and S ,^ so that 
S' Im^mj) = ni! [ т ь т г ) and similarly for S .^ In the time evolution governed 
by this Hamiltonian, transitions can be induced by the flip-flop term between 
levels | +— ) and | — + ), as indicated by the wavy arrow in figure 3.2. The energy 
separation between these two levels is equal to а;д = ωι — а^. 
If the dipolar coupling strength ωο is large compared to ид, flip-flop transitions 
will induce an oscillatory magnetization exchange, with a frequency equal to the 
dipolar coupling frequency. In practice these oscillations will be damped due to 
interactions with other spins and/or the superposition of oscillations due to dis­
tributions in WD. If, on the other hand, the separation in chemical shifts between 
two spins is large compared to the dipolar coupling strength (ω^ ^ U.'D), no 
flip-flop transitions will occur. 
3.4.2 Coupling to abundant nuclei 
Although spin exchange among rare spins is slow, several authors have reported 
its occurrence in natural abundance systems. Most of these observations deal 
with rare spins coupled to abundant nuclei, such as protons. As an example a 2D 
exchange spectrum of adamantane is shown (figure 3.3 ). The two-dimensional 
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exchange technique is well suited to study spin diffusion since the cross peaks 
that indicate magnetization exchange between the resonances are mapped along 
the diagonal. The appearence of cross peaks in the spectrum of figure 3.3 shows 
how the proton reservoir provides the energy to make up for the mismatch of the 
1 3 C flip-flop. 
From a simple point of view one could say that this heteronuclear coupling broad­
ens the rare spin resonance lines, thereby creating overlap between the resonances 
and therefore the possibility of an energy conserving flip-flop. However, due to 
the dipolar interactions among abundant I-spins, the S-spin resonances are ho­
mogeneous. This means that the resonance frequency of some S-spin is not fixed, 
but varies as a function of time within the frequency limits of the resonance line-
shape. Expressions have been derived for the rate of spin exchange in terms of 
measurable quantities.1 1 , 2 7 - 2 9 It was shown that the spin exchange rate depends 
on the relative magnitudes of the homonuclear dipolar interactions between rare 
spins and between abundant spins, as well as of the heteronuclear interaction. 
Polarization transfer for rare spins coupled to abundant nuclei will proceed to 
completion and show an exponential time behavior. No oscillations are observed 
in this case, due to the many-body character of the spin diffusion process. 1 3 C 
spin exchange has been observed in some samples to occur in a time scale of 
seconds.1 1 , 2 2 , 2 7"3 1 In rigid organic solids and polymers, however, this time scale is 
usually larger by two orders of magnitude. This is often longer than the longitu­
dinal carbon relaxation time Τχ asid thus prohibits observation of spin exchange. 
The exchange rate may be influenced experimentally by applying radio frequency 
fields. Strong proton decoupling will quench spin diffusion but partial decoupling 
may enhance this rate by narrowing the S-spin resonances and creating a more 
effective overlap.32 Henrichs and Linder2 8 , 3 3 were able to observe carbon spin 
exchange in polymer blends in which one of the components was selectively 1 3 C-
enriched. 
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Figure 3.4: 2D 13C excheuige spectrum of adamantane. The magnetization was 
spin-Jodced for 40 ms. 
3.4.3 Coupling to a radio frequency field 
The energy balance in a flip-flop process can be maintained by interaction with 
a radio frequency field. By spin-locking magnetization along the RF-field the 
chemical shift of a spin is scaled by a factor of approximately Bi/Bo, where Bi 
is the magnitude of the rotating component of the magnetic field induced by the 
RF-field and BQ is the external magnetic field strength. The difference in chemical 
shifts between two spins can therefore be reduced significantly, facilitating spin 
exchange. The use of spin-locking to enhance magnetization exchange was first 
proposed by Bronniman et al.30 An example is shown in figure 3.4, where the 2D 
spin-locked exchange spectrum of adamantane is shown, obtained with a mixing 
time of 40 ms. This figure should be compared with figure 3.3, where coupling 
to the proton reservoir maintains the energy balance. Clearly, spin-locking can 
enhance the spin exchange rate by two orders of magnitude. 
Magnetization can be spin-locked in an RF-field, by applying a | pulse and a 
subsequent phase shift of the RF-field by 90 degrees. The effect of a spin-lock 
is most easily seen in a frame which rotates with the frequency of the applied 
RF-field. In this frame the magnetization will align along an effective magnetic 
field whose strength and direction are determined by the strength of the applied 
RF-field Ü;RF/7 and an off-resonance term Δω/7 arising from the difference be-
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tween the RF frequency and the precession frequency of the spin. The precession 
frequency of a spin in this frame is given by: 
Ueff = \J w^j. + Δω 2 
If two spins, Si and Sj, separated in frequency by и;д, are spin-locked in an 
RF-field with strength (¿RF applied at the resonance frequency of Si, then the 
difference in precession frequencies is given by: 
-*(i-f^) < 3 · 4 ) 
For strong RF irradiation ((JRF 3> ^д) the effective chemical shift difference is 
very small. Under spin-locked conditions, the dipolar coupling term is scaled by 
-1/2. This scaling of the dipolar coupling reduces the spin exchange rate by a 
factor 4, but on the other hand a greater overlap between the S-spin resonances 
is created by scaling the chemical shift difference, leading to an enhancement of 
the spin diffusion, as can be seen from figure 3.4. An analysis of the effect of spin-
locking on homonuclear spin exchange is given by Robyr et al.,34 who proposed 
the use of multiple pulse spin-locking sequences (WALTZ-17) with simultaneous 
proton decoupling for maximum enhancement of the spin exchange rate. 
Heteronuclear polarization transfer or cross polarization in the rotating frame, has 
become a standard technique in solid state NMR, which is most frequently used 
as a means to enhance rare spin magnetization by transferring polarization from 
protons. Since the experiments on PMMA/PVF2 blends in the next chapters are 
based on heteronuclear magnetization exchange via cross polarization, a separate 
section will be devoted to th}s technique. 
3.4.4 Cross Polarization 
Magnetization can be exchanged between different nuclei, using the cross polar­
ization technique. In such an experiment magnetization is transferred from one 
nucleus to another nucleus via a mutual spin flip-flop. In a heteronuclear cross 
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Figure 3.5: Zeeman splittings in the laboratory frame and in the rotating frame 
polarization experiment two spins, I and S, are prepared with different polariza­
tions. The flip-flop process can then equilibrate the I and S spin polarization. As 
was mentioned before this flip-flop process does not obey energy conservation, 
because of the large difference in Zeeman frequencies of the nuclear spins. 
Hartmann and Hahn3 5 showed that the energy balance could be maintained by 
interaction with two RF-fields, with frequencies equal to the Zeeman frequencies 
of the I and S spins. The precession frequencies of the I and S spins in their 
respective rotating frames, are given by: 
ωπ = 7iBu 
wis = 7s В is 
By adjusting the ratio Вц/Bjs, the rotating frame Zeeman splittings of the I and 
S spins can be matched. This is known as the Hartmann-Hahn condition: 
ТіВц = 7sBis (3.5) 
An I-S flip-flop is energy conserving under these conditions. This situation is 
depicted in figure 3.5. 
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Figure 3.6: Energy reservoirs in the cross polaxization process. 
In a typiccd cross polarization experiment, magnetization is transferred from 
abundant I-spins to rare S-spins. After preparing spin-locked I-spin polariza­
tion, a contact is established between the I and S spins, by applying two RF 
fields, whose strenghts fulfill the Hartmann-Hahn condition. The polarization of 
I and S spins is then equilibrated by I-S flip-flops, which results in a build up 
of S spin magnetization in the rotating frame along Bis. The dynamics of this 
experiment can be treated by considering the I and S spins as thermodynamic 
reservoirs, (see figure 3.6), for which a spin temperature is defined.36 Accord­
ing to Curie's law the observable magnetization is proportional to the inverse 
temperature β. (Elaborate reports of this subject have been given by several 
authors 3 5 , 3 7 - 4 2 ). The I-spin reservoir initially has a high inverse spin temperature 
βι, since the I-spins are polarized. The initial S-spin inverse temperature /3$ is ze­
ro. Both reservoirs will loose energy to the lattice via rotating frame spin-lattice 
relaxation, characterized by rate constants Trjg and Tj^j and dependent on the 
temperature difference between the reservoir and the lattice. The inverse lattice 
temperature /3L is assumed zero, while it is also assumed that the lattice has an 
infinite heat capacity, causing its temperature not to change. 
If the I-spin and S-spin reservoir are brought into contact, both the reservoirs will 
approach equilibrium, with a rate constant T^ 1 . Due to the many body charac-
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ter of the abundant I-spin reservoir, in which fast I-I-spin flip-flops will maintain 
a uniform spin temperature, magnetization transfer is generally irreversible and 
non-oscillatory. 
The rate constant Tj^1 is proportional to the I-S flip-flop probability and therefore 
to the distance between I and S-spins to the inverse sixth power. Tis can thus 
provide information on the proximity of I and S-spins and can be determined by 
observing the S-spin magnetization as a function of the cross polarization time t, 
i.e. the time in which the I and S reservoirs are brought into contact. 
This time response is modelled by the following rate equations: 
#~¿<*-«-.fc* ( ' 
and initial conditions: 
A(t = 0) = ßa 
ßs(t = 0) = 0 
e' is the heat capacity of the S-spin reservoir, relative to the I-spin reservoir. 
Solving these coupled differential equations, and recognizing that the inverse 
temperature ßs is proportional to the observable magnetization S(t) leads to the 
following equation: 
a± = ao [l ± y/1 - b/ag] 
"-K i +'+fe+?fc) 
_ NsS(S + l )
 2 
ε
 - mli + i)a 
where So is the maximum carbon magnetization available in a cross polarization 
process without dissipative processes, and a 2 is a parameter accounting for the 
in which 
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mismatch in Hartmann-Hahn condition. 
Cross polarization can also be used to acquire information on spatial proximity 
in heterogeneous materials, for instance by transferring magnetization from one 
component to another component in a polymer blend. Parmer et al.43 and Gobbi 
et al.44 used cross polarization from protons to carbons in blends in which one 
of the constituents was deuterated. Observation of carbon intensity from this 
deuterated component provided proof of spatial proximity, since this magneti-
zation can then only arise from protons close to these carbons. Intermolecu-
lar polarization transfer44 is believed to be limited to transfer distances of less 
than 20 Â. A detailed account on 19F-13C polarization transfer in PMMA/PVF2 
blends46 will be given in chapter 4. 
3.5 The effect of Magic Angle Spinning 
Sofax we have considered spin diffusion in static samples. In order to acquire high 
resolution spectra however, Magic Angle Spinning (MAS) is often a prerequisite. 
MAS imposes a time dependence on nuclear anisotropic interactions, through 
modulation of the geometrical factors. If the broadening of the resonance line 
caused by a second rank tensorial interaction is inhomogeneous, as is the case 
with chemical shift anisotropy, this broadening can be removed by MAS. When 
the broadening is homogeneous, such éis due to homonuclear dipolar interactions, 
the rotation frequency must be larger than the strength of this interaction. The 
dipolar interaction will in that case be averaged to zero. 
As already mentioned, the rare spin dipolar interactions are inherently small. 
This means that MAS can significantly affect the spin exchange rate. The total 
effect of MAS on the magnetization transfer rate is a result of two mechanisms 
i.e. the ability to alter the spectral overlap by line narrowing and the averaging 
of the dipolar interactions. Some general remarks can be made on this subject. 
• For an isolated raje spin pair MAS will quench spin diffusion if the rotation 
frequency exceeds the dipolar coupling strength (ω
τ
 > | U > D | ) · 4 6 
• If the rare spin pair is coupled to abundant spins, MAS will not appreciably 
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Figure 3.7: 3 1 P CPMAS spectra of 1,2 bis (diphenyl pbosphino) propane (DPP), 
obtained under with (a), without (d) and with partiai proton decoupling (b,c). 
affect the spin-exchange rate. Only when sample rotation starts interfering with 
the couplings among the abundant spins, spin diffusion among the rare spins will 
be quenched.11,47 
• In the case of coupling to an RF field, homonuclear rare spin exchange is 
quenched, since the spin pair is decoupled from abundant spins and the dipolar 
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coupling is scaled by -1/2 so that the condition u>r >| wo | is fulfilled in most 
practical cases. 
• For cross polarization experiments from abundant spins to raie spins, magic 
angle spinning does not affect the magnetization transfer rate as long as the spin-
ning rate is slower than the strength of the dipolar couplings amongst abundant 
spins. 
The effect of MAS on the spin exchange rate is demonstrated by varying the 
conditions for 31P exchange in 1,2 bis (diphenyl phosphino) propane (DPP). Fig-
ure 3.7 shows one-dimensional 31P spectra for this compound, obtained with cross 
polarization from protons and a spinner frequency of 4000 Hz and acquired under 
various conditions of proton decoupling. Proton decoupling eliminates spectral 
overlap between the phosphorous resonances and thus quenches spin exchange. 
This is confirmed by a two-dimensional exchange spectrum, depicted in figure 3.8, 
obtained with the pulse sequence of figure 3.10 a. (The mixing time is set equal 
to an integral number of rotor periods and phase-cycling was used to select the 
anti-echo component in the tl-domain. This prevents the appearance of cross 
Figure 3.8: 3 1P exchange spectrum of DPP, obtained with a mixing time of 110 ms 
and a spinner speed of 3800 Hz. Proton decoupling was applied during the mixing 
time. 
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Figure 3.9: 31P exchange spectrum of DPP obtained with a mixing time of 110 ms, 
a spinner speed of 3800 Hz and no proton decoupling during the mixing time. 
peaks due to spinning sidebands.48 The off-diagonal intensities in these spectra, 
which connect isotropic resonances and spinning sidebands, indicate molecular 
reorientation and are not due to spin diffusion.) 
Spin diffusion under MAS can be restored by coupling to abundant spins. The 
proton coupled 31P resonances (figure 3.7 d) strongly overlap, which enables spin 
exchange, as shown in figure 3.9. A better estimate on magnetization exchange 
rates as a function of the resonance overlap is obtained by measuring the spin 
exchange as a function of the mixing time. A one-dimensional version of the 
exchange experiment was used, its pulse sequence depicted in figure 3.10 b. A 
population difference between the two phosphorous resonances can be created for 
instance by choosing a suitable delay between the preparation period and the 
mixing time, such that at the end of this delay the magnetization vectors are 
aligned anti-parallel. A subsequent | pulse converts the transverse magnetiza-
tion into longitudinal magnetization with the magnetization vectors of the two 
31P spins aligned along the +z and -z-axis, respectively. After a mixing time r 
the longitudinal magnetization is rotated back into the x-y plane and the 31P free 
induction decay is observed. Flip-flop transitions will equilibrate the polarization 
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Figure 3.10: Pulse sequence for the 2D-exchange experiment (a.) and the ID-
modification with SELTICS (Ъ). 
differences < SJ - S^  > between the two 3 1 P spins. By merging a SELTICS 
sequence49 in the evolution period, isotropic resonances as well as its spinning 
sidebands are inverted. 
By varying the mixing time, τ, the evolution of the difference between the mag­
netization of the 3 1 P spins can be followed. An example is shown in figure 3.11. 
Figure 3.12 shows magnetization differences as a function of the mixing time and 
under various conditions of proton decoupling, corresponding to the decoupling 
conditions of the spectra in figure 3.7. If no proton decoupling is applied, the dif­
ference magnetization disappears in about 200 ms, indicating that spin diffusion 
proceeds to completion. Strong proton decoupling quenches spin diffusion which 
is observed as a constant difference value in figure 3.12 d. (The slight decay is due 
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Τ (ms) 
Figure 3.11: Evolution of the difference magnetization as a /unction of the mixing 
time τ, during which no proton decoupling was applied. 
to T?! relaxation, which is not taken into account here.) Figure 3.12 also shows 
the results for two levels of partial proton decoupling, obtained by a fast repeti­
tion of strong RF pulses with interleaved spacings, and which clearly slows down 
the magnetization exchange, compared to the proton coupled case. The graphs 
of figure 3.12 are fitted with single exponential decays. For the cases in which 
proton decoupling is applied, the spin diffusion time constants are 79, 94 and 300 
ms for curves a, b and c, respectively. The observed trends may be understood 
qualitatively from the various degrees of resonance overlap in figure 3.7. 
A detailed analysis on the effect of MAS on spin exchange rates has been given 
by Kubo and McDowell.47 Spin diffusion rates can be greatly enhanced if the 
spinning rate matches the difference in isotropic chemical shifts between two rare 
spins. The energy imbalance is then matched by one or more quanta of rotor en­
ergy .47^50_5' , This phenomenon is called rotational resonance and will be treated 
in the next section. 
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Figure 3.12: < Sj - S^  > as a function of the mixing time τ, with full (a), partial 
(b,c) and no (d) proton decoupling applied during the mixing time. 
3.5.1 Rotat ional Resonance 
Magic Angle Spinning renders the Hamiltonian time dependent, through modu­
lation of the geometrical factors in the chemical shift and dipolar interaction: 
H(t) =
 ω ι
( 0 8 ΐ + waiOSÏ + unit) ¿ (SÎ.Si + SlS2+) (3.8) 
(In this expression а;о25^8^ has been left out for convenience, since this term 
shifts both | H— ) and | —I- ) levels equally and is therefore not involved in the 
flip-flop process). The explicit time dependencies in equation 3.8, can be obtained 
by subsequent transformation of the interactions from their principal axis systems 
via a rotor fixed reference frame to the laboratory frame.46 For the description 
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of rotational resonance the following expressions are sufficient: 
^¡(t) = ω!50 + uj^it) 
a>fniso(t) = Ci cos(a;
r
t + 7) + Si s i n ^ t + 7)+ 
C2 cos(2w
r
t + 27) + S2 sin(2w
r
t + 27) 
ω
Ώ
(ί) = Dj cos(a;
r
t + 7°) + D2 cos(2a;
r
t + 27D) 
where i=l,2. The coefficients Ci through D2 contain the geometrical information 
and the elements of the respective tensors. The dipolar coupling is averaged to 
zero over a rotor cycle. The anisotropic chemical shift term ω ϊ η ΐ 5 0 (ί) is neglected 
for a moment. 
Upon transformation to a doubly rotating frame, with rotation frequencies ω'*0 
and ω!?0, defined by the transformation: 
UR = exp(4S0tSi + iu;rtS^) 
the rotating frame Hamiltonian can be written as: 
HR(t) = 1 u,D(t) { c o s ^ t ) (S^Si + SLS2+) 
- i sm(u^0t) (S^Si - SIS*.) } 
(3.9) 
where Ыд0 = ω" 0 — ω" 0. Upon substituting wD(t) and ignoring high frequency 
terms (^д0 + ηω
τ
) and imaginary terms, this Hamiltonian can be rewritten as: 
ВД) = 1 (S^Sl + SlSl) {Di c o s [ « - a;
r
)t - 7D] +
 1 0 
D2Cos[(ü; ,¿0-2a; r)t-27D]} 
This Hamiltonian has time-independent components for Шд0 = ω, or о/д0 = 2ω
Γ
; 
at these rotational resonance conditions, the dipolar interaction is no longer av­
eraged out by the sample rotation and spin exchange can proceed. 
In this discussion the anisotropy of the chemical shift difference tensor has been 
neglected. As has been shown by others 5 4 - 5 6 including the effect of anisotropy 
yields additional rotational resonance conditions Шд0 = ηα;
Γ
 in which η can be 
larger than 2. 
The technique is demonstrated via two-dimensional natural abundance 1 3 C ex­
change experiments on camphor. The one-dimensional spectrum of camphor is 
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Figure 3.13: Proton decoupled 1 3 C spectrum of camphor, ω
Γ
 = 2800^2, together 
with the structure of camphor. The carbonyJ resonance C2 is not shown. 
shown in figure 3.13, together with the assignments of the resonances and the 
structure of camphor. Figures 3.14 a and b show two 2D spectra at two rotation­
al resonance conditions. Both spectra were obtained without proton decoupling 
during the mixing time. The absence of cross peaks between resonances that 
do not fulfill a rotational resonance condition, indicates that coupling to protons 
is not effective as a means to provide energy for the imbalance in the flip-flop 
process. Strong cross peaks are, however, observed between resonances whose 
isotropic chemical shift difference is equal to the spinner frequency. The first 
spectrum (figure 3.14 a) obtained with a spinner speed of 2768 ± 5 Hz, reveals 
spin exchange between resonance pairs C7 and Сю ( s e e figure 3.13), which are 
separated by 2771 Hz, as well as exchange between Ci and Cg, and, Ci and C9 
separated by 2849 and 2806 Hz, respectively. The second spectrum (figure 3.14 b) 
shows a connection between Ci and Сю, whose isotropic separation of 3569 Hz 
was matched by a rotor frequency of 3570 ± 10 Hz. 
The intensity ratios of cross peaks over the diagonal peaks indicate that the mag-
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Figure 3.14: 2D 1 3 C exchange spectra of camphor. No proton decoupling has 
been applied during the mixing time. a. ω
τ
 = 2768 ± bHz, mixing time 4 s.; b. 
uv = 3570 ± 10Hz, mixing time 2 s. (the apparent doublet of diagonal peak CI 
is not real but due to spectral representation). 
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Figure 3.15: 31P exchange spectrum of DPP, obtained with a mbdng time of 
110 ms and a spinner speed of 2762 Hz. Proton decoupling was applied during 
the mixing time. 
netization exchange is intermolecular.11,30 Intramolecular exchange would result 
in much smaller cross peaks relative to diagonal peaks, since the probability of 
finding two 13C nuclei within a camphor molecule for which the rotational reso-
nance condition is fulfilled is approximately 0.01. In the case of intermolecular 
spin exchange a sphere surrounding a 13C nucleus has to be considered. The prob-
ability of finding another 13C nucleus is much larger in this sphere than within a 
molecule. 
By varying the spinner speed in a region close to an exact rotational resonance 
condition it was found that spin exchange occurred over a region which equals the 
width of the coupled 13C resonances (40-90 Hz). Proton decoupling during the 
mixing time in general enhances the exchange rate even more, but in the case of 
camphor this malees the MAS matching too critical. In more rigid systems than 
camphor, the coupled linewidths are of course much larger and spin diffusion is 
therefore slow. Partial or complete proton decoupling during the mixing time is 
then necessary. 
The effect of proton decoupling is demonstrated by 31P exchange experiments 
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Figure 3.16: < Si —Si > as a function of the mixing time τ, with (a) and without 
(b) proton decoupling applied during the mixing time. 
on DPP. Figure 3.15 shows the two-dimensioned exchange spectrum of this com­
pound at a spinner frequency of 2762 ± 2 Hz, which matches the difference in 
isotropic chemical shift of the two 3 1 P resonances. Proton decoupling was applied 
during the mixing time. In figure 3.16 the difference magnetization < SJ — S^ > 
is plotted as a function of the mixing time, both with and without proton de­
coupling. The data are obtained in the one-dimensional method, described in 
the previous section. Under rotational resonance conditions, coupling to protons 
slows down the exchange, in contrast to the results obtained for the off-rotational 
resonance case (figure 3.12). For the proton coupled spin diffusion (figure 3.16 a) 
the data can be fitted with a single exponential decay with a time constant of 
67 ms. This shows that the coupling to the proton reservoir is the driving mech­
anism for spin exchange. In the proton decoupled case the rotational resonance 
is effective, resulting in a fast decay of the difference magnetization, which can 
no longer be described by a simple exponential decay. 
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Figure 3.17: < Sj — Si > at a the mixing time r=50 ms, normalized to its value 
at t=0 ms and as a /unction of the spinner frequency. 
Variation of the spinner speed close to a rotational resonance condition (fig­
ure 3.17) reveals the sensitivity of this mechanism to the spinner frequency. In fig­
ure 3.17 the difference magnetization is plotted elfter a mixing time of 50 ms with 
proton decoupling and as a function of the rotor frequency. (The asymmetrical 
shape is due to the fact that at low spinning rates spin exchange is not quenched, 
while it is effectively quenched at higher spinner frequencies.) The width at half 
height of the observed minimum in this plot corresponds approximately to the 
sum of the widths of the proton decoupled 3 1 P resonances (± 280 Hz). 
The rotational resonance induced spin exchange has an analogue in heteronuclear 
polarization transfer.57"59 In magic angle spinning cross polarization experiments, 
where the rotor frequency is on the order of the I-spins homonuclear dipolar cou­
pling strength, it has been observed that maxima in cross polaxization intensity 
occurred at иіц = u)is ± ηω
Ι
 instead of the normal Hartmann-Hahn condition 
wu = u)is.3S In such a situation a heteronuclear flip-flop is matched by η quanta 
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of rotor energy. Only if the rotor frequency is much larger than the magnitude 
of the I-spin dipolar coupling the magnetization transfer is disabled. 
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Chapter 4 
1 9 F - 1 3 C Cross Polarization of P M M A / P V F 2 
blends 
4.1 Introduction 
It is well established that poly (methyl methacrylate) (PMMA) and poly (vinyli-
dene fluoride) (PVF2) are completely miscible1,2 over the entire composition range 
in the molten state below the lower critical solution temperature (LCST) at 
~ 350 "C. 3 The Flory-Huggins interaction parameter χ has been reported to be 
about -0.3,2'4'5 which is one of the most negative values reported in literature. 
This indicates strong interactions between the components of the blend, which 
lead to the observed miscibility. 
Solid PVF2 is partially crystalline; it can exist in a variety of crystalline forms, 
which are referred to as the a,/3,7 and Qp modifications.6 In a solid blend this 
crystallization interferes at higher PVF2 content with the formation of a miscible, 
single, amorphous phase. Depending on the method of blend preparation, the 
amount and also the crystal form, of the crystallites can be influenced. X-ray 
and dielectric relaxation studies by Hahn et al.7 revealed that, when PVF2 crys­
tallizes in the blend, a triphasic system is formed, consisting of PVF2 crystallites, 
an amorphous PVF2 phase, and a miscible amorphous PMMA/PVF2 phase. 
The PMMA/PVF2 blend has also been studied using various NMR techniques.8"12 
The results obtained in these studies were very dependent on blend preparation. 
Douglass and McBrierty8 measured cross relaxation effects between 'H and 1 9 F by 
transient Overhauser effects on blends that contained a crystalline PVF2 phase. 
They concluded that at least 20 % of the amorphous PVF2 in the PMMA/PVF2 
40/60 blend ''sees" PMMA molecules at nearest neighbor distances. Ward and 
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Lin observed intensity attenuations of the PMMA signals due to strong inter-
molecular dipolar interactions between the fluorines in PVF2 and the carbons 
in PMMA,9,10 indicating intimate mixing. Recently, Grinsted and Koenig used 
1H-13C cross polarization with variable contact times to show the importance of 
aging for this blend.12 
In this study of blends of PMMA with PVF2 we investigated the polarization 
transfer from the fluorine nuclei of PVF2 to the carbons of PMMA. The advan-
tage of fluorine-carbon cross polarization to study polymer blends over proton-
carbon cross polarization13,14 will be that no deuterated blends have to be used 
whose thermodynamica! behavior is different than that of protonated ones.15 We 
also avoid problems arising from incomplete deuteration of a component. Fur-
thermore, the interpretation is straightforward in the sense that only 13C signal 
from PMMA can be observed if a sufficient number of PVF2 chains are in the 
neighborhood of PMMA chains. 
The principles and dynamics of the cross polarization technique have been de-
scribed in chapter 3. In the next section it will be shown how to extract spatial 
information from polarization transfer experiments, before presenting results and 
conclusions from these experiments on PMMA/PVFj blends. 
4.2 Extracting spatial information from Tis 
In the previous chapter an expression was obtained for the signal intensity due 
to cross polarization as a function of the contact time: 
In the experiments to be described, Tis and T ^ are of the same order of magni-
tude. Equation 4.1 has therefore to be used instead of a more frequently employed 
simpler one in which the carbon rotating frame relaxation is neglected. (See also 
the appendix of this chapter). 
As derived by Demco et al.16 for the high-effective-field spin-lock experiment the 
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cross relaxation rate can be approximated as: 
Tfs1 = 2 s i n 2 ös sin2 Ö! M2>si Jx(AiJeff) (4.2) 
where θι = arctan^u/í^oi — ωι)], i=I,S; Ди;
еЯ
· is the deviation from Hartmann-
Hahn condition; Мг.зі is the second moment of the S-spin resonance line de­
termined by coupling with the I-spins and Jx is the cross polarization spectral 
density function of the I-spins. 
The spectral density function Jx can be approximated by assuming a Gaussian 
shape for the correlation function,18 leading to the following expression: 
JxíAtJeff) = -7г1/2т-
с
ехр 
(4.3) 
The correlation time r
c
 can be estimated from the I-spin resonance linewidth. 
The challenge in extracting spatial information arises from evaluation of the sec­
ond moment Мг.зі- The second moment can be described according to Abragam17 
by: 
M2,si = \ 7Ый2 1(1 + 1) Σ (l - 3 c o s 2 M ' rrs6 (4·4) 
I,S 
in which Гц is the distance between the I and S-spin and 9is is the angle between 
the internuclear vector and the external magnetic field direction. For a given S-
spin, this second moment contains contributions from all I-spins that are dipolar 
coupled with this S-spin and thus contribute to the local field experienced by 
the S-spin. Because of the r - e dependence on the distance between I and S, the 
summation can be restricted to the local environment of the S-spin. In a single 
crystal the second moment can, in principle, be calculated exactly. In a polycrys-
talline solid, containing crystallites of random orientation, the second moment is 
obtained by taking the powder average over (1 — 3 cos2 Oís)2· In agreement with 
Maricq and Waugh18 we find an expression for the second moment: 
M2,si= ^ 7і27ІБ2 1(1+1) Σ r¿ e (4.5) 
í b
 LS 
If Tis is known for a given S-spin, it is now possible to calculate the average 
(rjj;6) = 52isrj<¡6, from which an average distance (ris) may be approximated. 
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This value of (ris) is a weighted average and, due to the dependence of the second 
moment on the distance to the inverse sixth power, will be mainly determined by 
the shortest I-S distances: 
Tis ~ (rfs9) (4.6) 
The situation is different in the experiments reported here, in which magnetiza-
tion is transferred from I-spins, located on one component, to an S-spin in another 
component of a polymer blend. In such an amorphous system one can in general 
expect that each individual S spin has a different local field, due to the nearby 
presence (or absence) of I-spins. For each microscopic environment a second mo-
ment of the S-spins is determined by the proximity of I-spins, and for each of 
these segments an average (r¿e) can be defined. This can be extrapolated to a 
macroscopic scale by taking into account all the different microscopic segments. 
For the amorphous blends used in this study this will result in a distribution of 
second moments. Since it is still reasonable to assume that all segments have a 
random orientation with respect to the magnetic field direction, a powder aver-
age can again be taken, which leads to a distribution in (rj¿e) and in Мг.зі· The 
observed S-spin magnetization as a function of cross polarization time t is thus 
a summation over microscopic magnetization curves: 
(ТГДоса.-ЮіоЫ (4.7) 
S(t) = 2W«S"( t ' (T¿ 1) ioJ (4·8) 
η 
The weighted summation runs over the possible microscopic segments, multi­
plied by a probability factor W
n
, and can be restricted to segments with a non-
negligible value of (r^e)i
o c a
i. 
4.3 Experimental 
N M R . Experiments were performed on a Bruker CXP-300 spectrometer, oper­
ating at 300.1, 282.2 and 75.4 MHz for Ή , 1 9 F and 1 3 C, respectively. The cross 
polarization pulse scheme is shown in figure 4.1. A | pulse at the i e F frequency 
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Figure 4.1: 19F —13 С cross polarization sequence with 1 H and i e F decoupüng 
during data acquisition. 
is applied prior to a spin-lock on i e F and 13C of variable duration t. The free 
induction decay of the carbon magnetization was then monitored under simulta-
neous high power proton and fluorine decouphng. The experiment was performed 
with spin temperature alternation19 to cancel signal that is not due to ieF-13C 
cross polarization. Magic angle spinning rates were between 3.5 and 5 kHz. The 
experimental set-up was described in chapter 2. The Hartmann-Hahn condition 
was optimized on a sample of pure PVF2. RF field strengths were 60 kHz for 
fluorine and carbon and a 40 kHz decoupling field strength was used for protons. 
Blend preparation. PMMA 6N from Röhm GMBH (Darmstadt.FRG) was 
used. This polymer contains 10 % methyl acrylate groups. Its average molecular 
weight Mw, determined with GPC relative to polystyrene standards, was 100 000 
g/mol. The Tg of the material was 379 К (DSC, heating rate 20 0C/min). The 
PVF2 used was Kynar homopolymer grade 401 with an average molecular weight 
M
w
 of 530 000 g/mol and a T g of 243 K. Blends were prepared via coprecip-
itation and subsequent compression moulding, as described by Roerdink and 
Challa.5 7.5 g of the mixture was dissolved in 250 g of DMF (Merck) for every 
composition ratio. The solution was added dropwise to 3 1 of water. The pre­
cipitated mixture weis filtered off and dried at high vacuum for 6 days at 50 0 C 
and for several hours at 160 0 C to remove the last traces of solvent. The dried 
mixture was then molded in a press at 200 0C prior to quenching from the melt in 
liquid nitrogen. Table 4.1 summarizes the Tg's for different weight ratios of the 
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blend and their starting materials. One single Τ 8 was found for all compositions, 
except for the PMMA/PVFj 20/80 blend, which is in agreement with literature 
data. FTIR revealed that the PMMA/PVF2 20/80 blend contained some PVFj 
crystals, in both the a and the β modifications. 
Tabie 4.1: Glass transition temperatures T 9 of PMMA/PVF2 biends (by weight 
latio). 
PMMA/PVF2 T g (K) 
100/0 379 
80/20 362.5 
60/40 341 
PMMA/PVF2 T g (K) 
40/60 323.5 
20/80 321 
0/100 243 
4.4 Results 
Figure 4.2 shows the 1 3C CPMAS NMR spectra of PMMA and PVF2. In the 
1 9 F- 1 3 C cross polarization experiments of PMMA/PVF2 blends, the carbonyl and 
methoxy resonances of PMMA are suitable monitors of the blends, since they do 
not overlap with PVF2 carbon resonances. The ability of this technique to detect 
PMMA carbons that are close to PVF2 fluorines, is demonstrated in figure 4.3. 
In this figure the 1 9 F- 1 3 C CPMAS spectra of a physical mixture of PMMA and 
PVF2 is compared with a PMMA/PVF2 blend prepared via coprecipitation. The 
physical mixture was prepared by mixing the separate components in a mortax 
after dissolution and precipitation of the homopolymers. PMMA and PVF2 exist 
in separate domains in this sample, and no PMMA carbon signal was observed 
when cross polarizing from fluorines of PVF2. The blend prepared via coprecipi­
tation does show PMMA carbon intensities, originating from PMMA carbons in 
close proximity to PVF2 fluorines. 
The 1 9 F- 1 3 C CPMAS experiment has been performed on PMMA/PVF2 blends 
with different weight ratios. The spectra, obtained with simultaneous 1 H and 
1 9 F high power decoupling, are depicted in figure 4.4. (The resonance marked 
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Figure 4.2: Magic angle spinning 1 3 C spectra of (a) PVFi, cross polarized from 
1 9 F with simuJtaneous ' Я and 1 9 F high power decoupling, and (b) PMMA, cross 
polarized from ' Я with ' Я high power decoupling, together with the repeat units 
o f P M M A a n d P V F 2 . 
with an asterisk is due to the KEL·? spinner cap, in later experiments a ceramic 
cap was used). The арреги-апсе of 1 3 C PMMA resonances in all these blends 
is indicative of mixing at a molecular scale, independent of the PMMA/PVF2 
weight ratio. 
In order to determine the value of Tis, a series of 1 9 F- 1 3 C cross polarization exper-
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200 100 
PPM 
Figure 4.3: Comparison of 19F-13C CPMAS spectra of a PMMA/PVF2 60/40 
physical mixture (a) and a blend obtained from coprecipitation (b), for a contact 
time of 5 ms. 
iments were performed with a variable cross polarization contact time. Figure 4.5 
shows spectra from such a series for the PMMA/PVF2 60/40 blend. In figure 4.6 
the intensities of the PMMA methoxy resonances are plotted as a function of the 
contact time, together with a calculated curve, obtained by fitting the experi-
mental data with equation 4.1. The 19F and 13C-Ti^'s were measured in separate 
experiments. The 19F-Tip's were determined in two different ways: directly via 
19F NMR and via a 19F-13C cross polarization experiment in which the fluorine 
magnetization is transferred to the carbons at the end of a variable 19F spin-lock 
experiment.20 The 19F-Ti/, values from these two experiments and from each 
carbon resonance agree well and are 0.8 ± 0.2 ms, for all blend compositions. 
The average fluorine-carbon distances were found using equations 4.2, 4.3 and 
4.5 and are listed in table 4.2. The correlation time rc was estimated from the 
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200 100 
PPM 
Figure 4.4: 1 9 F - 1 3 C CP spectra (MAS 5 kHz) ofPMMA/PVFi blends with weight 
ratios 80/20 (a), 60/40 (b), 40/60 (с) ала 20/80 (d). The resonance masked with 
an asterisk is due to the KEL-F cap of the spinner. 
fluorine NMR linewidth of the blends to be 2xl0~4 s. 9$ and θι are equal to | . As 
has already been mentioned, in the case of intermolecular polarization transfer 
in blends one would expect the intensities as a function of contact time, to be a 
superposition of curves with different Tis values. In a previous publication21 the 
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Figure 4.6: PMMA methoxy car-
bon intensities as a function of tbe 
1 9 F - 1 3 C cross polarization time. 
accuracy in experimental data was not good enough to address this subject and 
a single Tis value was assumed. Later experiments22 showed that the assumption 
of a single Tis is indeed satisfactory to describe the observed data (see figure 4.6). 
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A single Tis value would however mean that all observed PMMA carbons experi-
ence the same local environment due to nearby fluorines, but in these amorphous 
blends a distribution of environments of those carbons may be expected. Such a 
distribution can be accounted for by using equation 4.8 to fit the observed data. 
If a distribution in distances is assumed, then for each distance the Tis value can 
be calculated. The cross polarization curves are then calculated for each value of 
T B and summed after multiplication with a weighting function Wn(r). 
In figure 4.7 the results of attempts to fit the experimental cross polarization da-
ta with equation 4.8 are shown for the OCH3 resonance of PMMA/PVF2 60/40. 
T B values are calculated for distances ranging from 2.8 A up to 10 À. The min-
imum distance was chosen just below the sum of the van der Waals radii of a 
fluorine atom in PVF2 and a carbon in PMMA. According to the equation for 
non-bonded interactions given by Loufakis et al.23 the 19F-13C interaction is re-
pulsive only below this minimum distance. Several shapes of the distribution 
function Wn(r) were used to fit the experimental data, some of which are de-
picted in figure 4.7a. The figure shows two Gaussian distributions, one with a 
variance of 0.2 Â (I) and one with a variance of 1.0 Â (II), around an average val-
ue of 3.0 Â, éis well as a spherical distribution (III), which reflects the case where 
there is no preferential carbon to fluorine distance, and where the probability of 
the occurence of a certain distance г increases with r2. Figure 4.7b depicts the 
best fits to the OCH3 carbon intensities of а-РММА/Р Гг obtained with the 
distribution functions of figure 4.7a. Good data fits are only obtained by assum­
ing a narrow Gaussian distribution function, around a distance that is close to 
Table 4.2: Average fluorine to carbon distances in the PMMA/PVF2 blends (for 
different weight ratios). 
PMMA/PVF2 
1 9 F- 1 3 CO (Â) 
1 9
Р-0 1 3 СНз (À) 
80/20 
2.7І0.2 
2.7І0.2 
60/40 
З.ІІ0.2 
3.0І0.2 
40/60 
3.0І0.2 
2.9І0.2 
20/80 
2.6±0.2 
2.7±0.2 
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Figure 4.7: a. Narrow Gaussian (I), broad Gaussian (II) and spherical (III) dis-
tribution functions, b. ОСЯ3 intensities of а-РММА/Р Тг fitted with the dis­
tribution functions of a. 
the average distance found by assuming a single value of Tis · The fact that the 
observed data cannot be approximated by either a broad or a random distribution 
leads us to conclude that a specific interaction must exist between segments of 
PMMA and PVF2. 
4.5 Discussion 
4.5.1 Considerations on miscibility 
It is shown that a reasonable number of PMMA molecules axe in close proximity to 
PVF2 molecules. In this section we will consider the miscibility of PMMA/PVF2 
blends, using a simple theoretical model, prior to trying to quantify the degree 
of mixing in the next section. 
For blend compositions rich in PVF2, all the PMMA carbons can in principle 
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be surrounded by fluorine atoms such that 19F-13C cross polarization intensities 
represent all the carbons of PMMA. At low PVF2 concentration, however, even 
in ideally mixed blends, not all the PMMA carbons can have a fluorine nucleus 
at a nearest neighbor distance, which is necessary for efficient cross polarization. 
Below a critical PVF2 concentration C*, not every PMMA carbon will have a 
fluorine to cross polarize from, because there is not enough PVF2 present. In 
trying to estimate the value of C* for the PMMA/PVF2 blend, we will prove 
below that if one is considering such short distances, a decrease in magnetization 
transfer can be expected at the edge of the composition range which only arises 
from a dilution effect and has nothing to do with miscibility at the molecular 
scale. 
An estimate for the number of PMMA/PVF2 contacts can be obtained from con-
tact statistics considerations, originating from lattice model computations.24 In 
lattice theories it is common practice to subdivide the macromolecules into seg-
ments, each occupying a lattice site. In this discussion we have chosen the size of 
a segment to be the repeating unit of PMMA. As the van der Waals volume of a 
repeating unit of PVF2 is about half of the value of PMMA,25 one lattice site is 
occupied by two PVF2 repeating units. If we consider a central PMMA segment 
containing one carbonyl, this segment will be surrounded by 12 other segments 
if we assume close packing of spheres. In order to observe a carbonyl carbon 
in a 19F-13C cross polarization experiment, at least one fluorine nucleus should 
be at nearest-neighbor distance from this carbonyl carbon. This means that at 
least one of the surrounding segments has to be a PVF2 segment. So, adapting 
a mean field approximation we must, at the limiting composition, have 1 PVF2 
segment and 12 PMMA segments. Via the differences in volumes this gives us 12 
repeating units of PMMA to 2 repeating units of PVF2, a molar ratio of 6 to 1. 
Via the molecular weights of the PMMA units (100) and PVF2 (64) the critical 
concentration C* corresponds to a PMMA/PVF2 weight ratio of 90/10. 
In this estimate one important simplification was made. We considered the seg-
ments to be independent of each other, and the connectivity of the segments, 
due to the fact that they are part of a polymer, was neglected. Furthermore the 
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effect of end groups, folding back and local excluded volume was ignored. Con-
centration fluctuations are also observed for the PMMA/PVF2 blend.4 These 
fluctuations are correlated over distances that extend up to 10 Â. They are, how-
ever, not included in the mean-field approximation used here. In addition, the 
Flory-Huggins interaction parameter shows a strong composition dependence for 
this blend.4,2β At higher PMMA concentrations, this parameter becomes less 
negative, which may mean that interactions are less strong in this composition 
range. 
All these effects will direct the critical concentration C* to higher PVF2 levels. 
The 90/10 ratio calculated here is derived for the most favorable way of distribut­
ing the PVF2 segments. 
Distance-sensitive techniques such as cross-polarization solid state NMR and 
excitation-transfer fluorescence spectroscopy can give information about nuclei 
or groups at an average distance of a few Angstroms. An important conclusion 
of the estimate made here is that if one is considering such short distances, a 
decrease in energy transfer can be expected at the edge of the composition range 
only due to a dilution effect, which has nothing to do with miscibility at a molec­
ular scale. With all the simplifications in this model mentioned above in mind, 
it may be expected that for the blend studied here, the PMMA/PVF2 80/20 
composition will be very near, or even in the dilution range. 
4.5.2 Quantitative aspects of the mixing 
Until now, almost all solid state NMR studies on polymer blends described in 
literature concentrated on the distance aspect of mixing. The distance between 
nuclei of the different components (as described above), or the scale of hetero­
geneities present in a blend, was investigated. Only once were the quantitative 
aspects of mixing, i.e. how much of the components are intimately mixed, de­
scribed. Caravatti et ai.27 used multiple pulse homonuclear decoupled proton 
NMR to quantify the degree of mixing in PS/PVME blends. As the degree of 
mixing is one of the most intriguing and challenging aspects in the miscibility 
behavior of polymer blends, we have attempted below to get some insight into it 
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for the PMMA/PVF2 blend. 
The cross relaxation data enable us to quantify the degree of mixing. First we 
remark that, although the carbonyl peaks are very small, they may still represent 
a large number of PMMA molecules. Because of the short T ^ of the fluorines, 
as compared to the cross polarization time Tis, the build up of carbon magneti-
zation is restrained. From equation 4.1 we can find So, the maximum obtainable 
carbon signal due to magnetization transfer from the fluorines of PVF2 if there 
were no dissipative processes. Comparison of S0 for a PMMA carbonyl resonance 
with So for the CF2 resonance of PVF2 directly yields the number of PMMA 
molecules in close proximity to PVF2 molecules and thus the degree of mixing: 
" PVF2 " 
.PMMA 
where imix is the fraction of PMMA carbons cross polarized from fluorines of 
PVF2 and [PVF2/PMMA] is the molar ratio of the blend. 
For the PMMA/PVF2 80/20 blend we found f^ to be 0.35, meaning that about 
35 % of the carbonyl or methoxy carbons "see" a fluorine of PVF2 at nearest-
neighbor distance. For the other compositions, however, percentages of 100 % 
or more were found, meaning that our model, as expressed by equation 4.1, is 
not adequate to obtain So accurately. Slight variations of, for instance, Tjs can 
easily cause large deviations in So, while still yielding good data fits. Further-
more, the question arises as to what percentage of mixing can be found, in an 
ideally mixed blend, by comparing the number of cross polarized PMMA carbons 
with the number of CF2 carbons in the blend. Polymer tacticity and polymer 
conformations have a large influence on the specific interactions possible between 
the different components in a blend. Although the degree of mixing can not be 
accurately determined from this technique, the results seem to indicate that in 
the PMMA/PVF2 80/20 blend less PMMA segments are close to PVF2 segments 
than in the other blends. This may be due to a dilution effect, as discussed above. 
SO(CPMMA) 
So(CF2) 
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4.6 Conclusions 
19F-13C cross polarization experiments on PMMA/PVF2 blends revealed that 
PVF2 and PMMA are mixed on a molecular scale. The average distance from 
a fluorine of PVF2 to a carbonyl or methoxy carbon of PMMA was estimated 
to be about 3 A, independent of the composition of the blend. These estimated 
distances (about 3 Â) are close to the sum of the van der Waals radii. (The 
reported van der Waals radii of PMMA are 1.7 Â for a carbonyl carbon, 1.9 Â 
for an ester CH3 group28 and 1.3 Â for a PVF2 fluorine23). 
The observed carbon intensities as a function of the cross polarization time can 
be fitted either by a single Tis or by a narrow distribution in Tis values. This 
is indicative of a specific interaction between PMMA and PVF2 segments. This 
agrees with observations of Léonard et al.,29 who found evidence for strong hydro-
gen bonding between the carbonyl oxygen of PMMA and the a-protons of PVF2, 
by using FTIR. We do not, however, observe a shift of the carbonyl resonances, as 
compared to pure PMMA, something we would expect in the case of a strong hy-
drogen bond. This may be due to Umits in resolution; shifts of the order of 0.1-0.2 
ppm will not be detected within the accuracy of our experiments. Evidence for 
multiple contacts was also reported by Saito et al.30 and Wu.31 Depolarized light 
scattering experiments30 revealed short-range ordering in PMMA/PVF2 blends, 
due to local chain alignments; the reduced entanglement of PMMA and PVF2 
in blends31 was also attributed to local chain alignments, arising from specific 
interactions between the polymer segments. 
In the next chapters an attempt will be made to quantify the degree of mixing 
accurately using different cross polarization techniques. The influence of poly-
mer conformation on the miscibility in PMMA/PVF2 blends as well as phase 
separation phenomena in these blends will also be investigated. 
Appendix 
In this appendix we will briefly address possible errors arising from using ap-
proximate cross polarization equations. Two approximations are often found in 
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literature, without questioning their validity. 
We will treat these cases briefly and start by rewriting equation 4.1. Upon ne­
glecting ε' (which is approximately 0.01 in i e F- 1 3 C and 1 H- 1 3 C cross polarization 
experiments) and substituting λ for ^ P and μ for ^f we arrive at: 
The above equation can be separated in a decaying exponential function, describ­
ing the I-spin rotating frame relaxation, and an ascending function, describing 
the build-up of S-spin magnetization, which is slowed down by losses due to re­
laxation via the Tf^ , term. 
A first approximation which is often applied, is to neglect Tfp. It can immedi­
ately be seen that this is valid only if T ^ » Tis. However in cases where Tis 
and Tfp are comparable, neglecting Tfp leads to a wrong estimation of the cross 
polarization time constant: (T^ 1) = Т ^ + Т ^ - 1 . This possibility can axise 
when magnetization is transferred over relatively large distances such as in the 
intermolecular polarization experiments described in this chapter, or in organic 
molecules of low or remote protonation. 
Apart from neglecting Tfp, a further approximation found in literature is to 
determine Tis and T 1^ from the short and long time behavior of the cross po­
larization intensities, respectively. The estimation of Tis from the intensities at 
short contact times is generally questionable. For contact times t >• Тц the sig­
nal intensities as a function of the contact time are approximately proportional 
to exp(— t / T ' p ) . The approximate value of T}p is then obtained from the slope 
at large contact times in a plot of In S(t) versus t. In figure 4.8 the values of 
λ = Tis/Tj p, estimated with the above mentioned approximation, are compared 
to the actual values. For two values of Tjs and a range of TÎp 's exact curves were 
simulated (see equation 4.1) and from the logarithmic plot the approximated Τΐ
ρ 
was obtained. If Tis and T\p are of the same order, the approximated T
1
^ values 
show large deviations from the true vaiues. In all cases the plot of In S(t) versus 
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Figure 4.9: Logarithmic plot of the 
cross poiarization intensities, caJcu-
lated with T{p=0.8 ms, 1^=85 ms 
and Tis =10 m s 
t at long contact times can still be fitted with a straight line, which causes no 
suspicion to the validity of the estimated values. It can also be seen from the 
figure that the T ^ ' s obtained in this way are dependent on the magnitude of T I S . 
Figure 4.9 illustrates the large error that would have occurred in the evaluation 
of the experimental data presented in this chapter. From the final slope of the 
logarithmic curve a T i p of 9.8 ms is determined, while the actual fluorine T i , is 
0.8 ± 0.2 ms. 
Instead of using approximate equations, we suggest that T\p and T ^ should 
be obtained from separate experiments in order to obtain more accurate data. 
Computers provide an easy and elegant means for the determination of cross 
polarization time constants, without the nuisance and uncertainties arising from 
the use of approximate solutions. 
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5.1 Introduction 
In the fluorine to carbon cross polarization experiments of PMMA/PVF2 blends, 
PMMA carbon signals are observed, from parts of PMMA molecules that are 
close (about 3 A) to fluorines of PVFj. The intensities of those resonances are 
small, tempting one to conclude that only a small fraction of the PMMA is close 
to PVF2. However, due to the short fluorine Ti^, as compared to the inter-
molecular cross polarization time constant Tis, the build up of PMMA carbon 
magnetization is restrained. This obscures any conclusions regarding the amount 
of intimately mixed PMMA and PVF2. The effect of such a short fluorine Tip 
(approx. 1 ms)1 on the build up of PMMA carbon magnetization is demonstrat­
ed in figure 5.1, where the carbon cross polarization intensities as a function of 
contact time are compared for two values of the fluorine T ^ . 
Problems arising from the short fluorine Tip can be circumvented by perform­
ing the experiments at a different temperature. As was shown by Douglass et 
al.2 PVF2 exhibits a minimum in fluorine Т ^ at room temperature. Changing 
the sample temperature is, however, often undesirable in polymer blend systems, 
since this may result in irreversible changes, such as phase separation and crys­
tallization3 (see also chapter 8). 
An alternative is to cross polarize from fluorines to protons. Since the gyro-
magnetic ratio 7 of protons is about four times larger than that of carbons, the 
fluorine-proton dipolar interaction is about four times larger than the fluorine-
carbon interaction. The fluorine-proton magnetization transfer is therefore ex­
pected to be at least sixteen times faster than from fluorines to carbon, result-
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Figure 5.1: Theoretical cross polarization curves, calculated with Tis = № ms, 
Tf^lOO ms and T[p = 1 ms (a) and 5 ms (b). 
ing in a more favorable Tis/Ti p ratio and a more efficient build up of proton 
magnetization as compared to carbon magnetization. Of course we still want 
to discriminate between PMMA and PVF2 proton magnetization and since the 
proton resonances of PMMA and PVF2 overlap, the proton magnetization is sub­
sequently transferred to carbons via proton-carbon cross polarization. This last 
step is much more efficient than 1 9 F- 1 3 C transfer because of the longer proton 
Tip (4.5-7 ms, depending on the composition of the blend). 
5.2 Experimental 
Blend preparation. The PMMA and PVF2 used were as described in chapter 4. 
Blends were prepared, differently from the previous study1 where coprecipitation 
was used, by melt kneading using a Brabender melt mixer W30EH. Mixing was 
performed at 210 0 C for 15 minutes under nitrogen atmosphere. The mixing rate 
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Figure 5.2: Double cross polarization pulse scheme. 
was 100 rpm. After mixing the blends were molded in a press at 200 0 C prior to 
quenching from the melt in liquid nitrogen. 
N M R . The experimental set-up was the same as described in the previous chap­
ter. All experiments were performed at room temperature. Spinning rates were 
between 3.5 and 5 kHz. RF field strengths were typically 50 kHz on protons, fluo­
rines and carbon. Carbon free induction decays were acquired under simultaneous 
proton and fluorine high power decoupling. In all experiments spin temperature 
alternation was used. The double cross polarization conditions were optimized 
on a sample of pure PVF2. The pulse scheme is depicted in figure 5.2. 
5.3 Results and Discussion 
A comparison between 1 3 C spectra, obtained via 1 9 F- 1 3 C cross polarization, and 
via I 9 F- 1 H- 1 3 C double cross polarization, is shown in figure 5.3. As can be seen 
from these spectra the double transfer experiment results indeed in much larger 
PMMA carbon signals. The double cross polarization spectrum is obtained by 
averaging 1000 scans, while the lower spectrum resulted from 5000 scans. The 
spectra have been arbitrarily scaled for representation purposes. Both experi­
ments, however, detect the same amount of PVF2, so the intensities of the CF2 
resonances in both spectra should be approximately equal. The faster fluorine to 
proton transfer, visualized in figure 5.4, plus additional proton spin diffusion from 
PVF2 to PMMA and subsequently ^ - " C cross polarization on PMMA increases 
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Figure 5.3: a. 1 9 F - 1 3 C CPMAS spectrum of PMMA/PVF2 60/40, obtained with 
a contact time of 2 ms; b. 1 9 F - 1 H -13C double CPMAS spectrum of t ie same 
bJend, using a 1 9 F - 1 Я contact time of 0.4 ms and a 1 H - 1 3 C contact time of 2 ms. 
the PMMA signal. 
An interesting detail in the i e F- 1 H- 1 3 C double cross polarization spectra is the 
appearance of the quaternary 1 3 C resonance of PMMA. This resonance is not 
detected separately in 1 9 F- 1 3 C cross polarization spectra, due to overlap of this 
resonance with the CH2 resonance of PVF2, and because it is so weak. Since the 
quaternary carbon is located in the backbone of the PMMA chain, its distance 
to fluorines is expected to be larger than the distances found for carbonyl and 
methoxy carbons. 
In order to prove the existence of the quaternary 1 3 C resonance in the 19F-1H-13Ç 
experiments, non-quaternary carbon suppression experiments4 were performed 
on pure PMMA and PVFj and on the PMMA/PVFj 60/40 blend. In a non-
quaternary suppression experiment the proton decoupling is interrupted. Mag-
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Figure 5.4: PMMA metboxy carbon intensities as a function of tbe 1 9 F - 1 3 C cross 
poJarization time (a) and eis a function of the 1 9 F - 1 H cross polarization time (b). 
Tbe intensities are scaled arbitrarily. 
netization of carbon resonances which have bonded protons will therefore dephase 
very rapidly, leaving mainly resonances of non-protonated carbons. 
Figure 5.5 shows the carbon spectra of PVF2, PMMA and a PMMA/PVFj 60/40 
blend obtained via 1 9 F- 1 3 C cross polarization and via 1 9 F- 1 H- 1 3 C double cross po­
larization, respectively, and with a dephasing time of 80 με. The intensity ratios 
of the PMMA resonances in PMMA (b) and in the blend obtained with double 
cross polarization (d) are equal, which proves the existence of the quaternary 1 3 C 
resonance in 1 9F- 1H- : 1 3C experiments. In the 1 9 F- 1 3 C cross polarization experi­
ment of the blend the resonance at 43 ppm is mainly due to the CH2 carbon of 
PVF2, which is seen in comparing figures 5.5 a and с 
1 3 C spectra obtained with increasing 1 9 F- 1 H cross polarization contact time, show 
an efficient build up of carbon magnetization from PMMA carbons. Unfortunate­
ly, the double cross polarization experiments can give us only qualitative infor-
78 Chapter 5 
— I — 
200 
— Γ
-
100 
PPM 
Figure 5.5: Non-quaternary carbon suppression spectra, obtained with a depbas-
ing time of 80 με. a. PVF2; b. PMMA; с PMMA/PVF2 60/40, cross polarized 
йот fluorines; d. PMMA/PVF2 60/40, obtained via " F ^ H - ^ C double cross 
poiarization. 
mation about PVF2-PMMA distances. A quantitative analysis is complicated 
because of the effect of proton spin diffusion. As soon as proton magnetization 
is generated by ^ F - 1 ! ! CP in a domain where PMMA and PVF2 are intimately 
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mixed, the proton magnetization will diffuse out of this region to PMMA protons 
that are further away from PVF2 fluorines than the 3 Â estimated from the 19F-
13C CP experiment.1 The observed PMMA magnetization stems therefore from 
PMMA molecules that are, on average, at larger distances from PVF2 than in 
the case of the direct 19F to 13C cross polarization experiment. 
This technique is able to provide qualitative proof of molecular miscibility up to 
approximately 15-20 A in this case, and will be useful in materials where fluorine 
to carbon cross polarization fails to indicate spatial proximity because a too large 
average fluorine to carbon distance results in a very slow polarization transfer. A 
modification of the 19F-1H-13C experiment described above can however be used 
to give quantitative results about the fraction of PMMA units that is within 
proton spin diffusion distances from PVFj units. This proton to fluorine cross 
depolarization experiment will be described in the next chapter. 
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Chapter О 
1 H - 1 9 F Cross Depolarization 
6.1 Introduction 
In chapter 4, we employed fluorine to carbon cross polarization to PMMA/PVF2 
blends. This enabled us to observe 1 3 C magnetization from poly (methyl methacry-
late) (PMMA) molecules that are in close proximity to poly (vinylidene fluoride) 
(PVF2) fluorines. By measuring the rate of magnetization transfer from 1 9 F 
in PVF2 to 1 3 C in PMMA, we were able to determine an average fluorine to 
PMMA-carbon distance. These 1 9 F- 1 3 CO and 1£Т-01 3СНз distances were found 
to be about 3 A for all compositions of the blend studied,1 and they are an aver­
age over the fluorine to carbon distances for PMMA molecules that are close to 
PVF2 molecules. It was also shown in chapter 4 that the PMMA intensities in 
a
 1 9 F- 1 3 C cross polarization experiment as a function of the contact time, could 
be simulated assuming a narrow Gaussian distribution of 1 9 F to PMMA 1 3 C dis­
tances, which is indicative of a specific interaction between PVF2 and PMMA 
segments. 
The main conclusion that can be drawn from a fluorine to carbon cross polar­
ization study of PMMA/PVF2 blends, is that PMMA and PVF 2 are at least 
partially, mixed at a molecular scale. Here we want to show, however, that a 
large fraction of PMMA molecules is in close proximity to PVF2 molecules. This 
is not immediately obvious from the 1 9 F- 1 3 C cross polarization spectra, since the 
PMMA resonances are very small. However, due to the short 1 9 F Т ^ (0.8 ± 
0.2 ms) the build up of PMMA carbon magnetization is severely restrained. We 
have a very unusual situation for cross polarization experiments here in that the 
rate for 1 9 F- 1 3 C cross polarization is much smaller than the 1 9 F rotating frame 
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relaxation rate. The 1 9 F —13 С cross polarization method is therefore suitable to 
determine the average 1 9 F to 1 3 C distance, but is inaccurate in determining the 
fraction of PMMA molecules that are close to PVF2 molecules. 
In the previous chapter it was demonstrated that if fluorine polarization is first 
transferred to protons and subsequently to carbons, a more efficient build up 
of PMMA carbon magnetization can be observed. This experiment yields qual­
itative information on the proximity of PMMA and PVF2 units on a scale of 
15-20 Â. 
In order to determine the amount of PMMA and PVF2 that is well mixed more 
accurately, we designed an experiment in which the fluorines of PVF2 are used as 
a sink for the proton magnetization. This technique uses carbon detection and 
spatial information is obtained from proton spin diffusion. A model is proposed 
to understand the results of these experiments. 
6.2 Experimental 
Blend preparation. The blends used are similar to the ones described in the 
previous chapter. The Tg 's found (DSC, heating rate 20 0C/min) for the different 
blend compositions are listed in table 6.1. 
NMR. The experimental set-up was the same as described in the previous chap-
ter. All experiments were performed at room temperature. Spinning rates were 
3.5 kHz. RF field strengths were typically 50 kHz for protons, fluorines and car-
bon. Carbon free induction decays were acquired under simultaneous proton and 
fluorine high power decoupling. In all experiments spin temperature alternation 
weis used. The cross depolarization conditions were optimized on the blend. The 
pulse scheme is depicted in figure 6.1. 
6.3 Cross Depolarization 
Instead of using the fluorines as a source of magnetization, as was the case in 
the above mentioned techniques, we will now use the fluorine reservoir as a sink, 
through which proton magnetization can disappear. If, after creation of spin-
Ή -
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Tabie 6.1: Glass transition temperatures Τ9 of PMMA/PVF2 blends (by weight 
ratio). 
PMMA/PVF2 T g (K) 
100/0 379 
80/20 359 
60/40 343 
PMMA/PVF2 T g (K) 
40/60 324 
20/80 320 
0/100 243 
locked proton magnetization in the whole sample, a fluorine RF field is turned 
on, its strength adjusted to the proton-fluorine Hartmann-Hahn condition, then 
all the protons that are dipolar coupled to fluorines will lose their magnetization 
to the lattice, via the fluorines. In a second step the remaining proton magne­
tization is transferred to carbons via 1H- 1 3 C cross polarization, and the carbon 
magnetization is detected (see figure 6.1). The observed PMMA carbon mag­
netization is then from parts of PMMA molecules, whose protons do not have 
a dipolar interaction with fluorine. In other words, only those parts of PMMA 
molecules that are remote from PVF2 molecules are observed. 
In performing this 41- 1 9 F cross depolarization experiment, the short fluorine 
T l p is an advantage in that it makes the fluorine reservoir act as a good sink for 
proton magnetization. In order to make sure that this sink functions properly for 
longer depolarization contact times, one has to prevent fluorine magnetization 
1 9 F # 
Ή 
Й 
Ш 
13c 
# -
\ A /x ^^ 
Figure 6.1: 1 H - 1 9 F cross depolarization pulse scheme. 
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Figure 6.2: Proton intensities of PVF 2 as a function of the 1H-19F cross depo­
larization time in which a. no phase alternation was applied; b. the phase of the 
fluorine RF field was swithed by 180 degrees every 50 με. 
from building up. This can be done, either by applying a phase modulated RF 
field2 or by frequently switching the phase of the RF field by 180 degrees, as was 
done here. Figure 6.2 demonstrates the improvement of the fluorine sink if the 
phase of the fluorine RF field is switched every 50 μβ. 
In order to determine the amount of PMMA that is close to PVF2, a blank ex­
periment was performed, in which no fluorine RF field was used. If we denote 
the signal from the depolarization experiment SA, and the signal from the blank 
experiment SB, we can write the observed signals as: 
S A M = So fmix exp 
fè) D ( t ) + S o i l - t n i x ) exp Ti J (6.1) 
SB(t) = (So fmix + So (1 - fmix)) exp - t (6.2) 
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Figure 6.3: Carbon intensities of the CF2 resonance as function of 1 H - 1 9 F contact 
time: a. PVT2; b. PMMA/PVF2 60/40. 
where So is the total proton magnetization, Гщ^ is the fraction of protons close to 
fluorines and D(t) is a decaying function which describes the loss of magnetization 
due to depolarization to the fluorine sink. 
By dividing both signals, we have corrected for loss of magnetization to the lattice, 
characterized by the proton T ^ : 
SAÍO 
Sii(t) = fmix D(t) + (1 - frf.) 
(6.3) 
By transferring at a time t the proton magnetization to the carbon nuclei, the 
proton signal 8 А ( І ) / 8 В ( І ) can be mapped out via the carbon resonances of PMMA 
or PVF2. In figure 6.3a the data for pure PVF2 detected via CF2 are represented 
in this way. The value of SA/SB drops to 0, which is expected since all the protons 
in PVF2 are close to fluorines, and therefore i
mix is 1. The effect of proton spin 
diffusion is clearly shown in figure 6.3b, where the data obtained for the CF2 
resonances in the PMMA/PVF2 60/40 blend are depicted. In pure PVF2, all the 
proton magnetization has disappeared after 1.2 ms, while for the same protons 
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Figure 6.4: Experimenta/ data for the C=0 resonance of the PMMA/PVF? 60/40 
blend. 
in the blend this process is much slower, as can be seen by comparing figures 
6.3a and b. As soon as some proton magnetization is destroyed in a region close 
to the fluorine nuclei, magnetization will be transported from PMMA protons 
in outer regions to this area, due to spin diffusion driven by the magnetization 
concentration gradient. 
In spite of the effect of this spin diffusion, the proton magnetization of PVFj 
units in a blend, detected via CF2 carbons, decays to zero in about 3-5 ms, 
depending on the composition of the blend. This is in contrast to the results 
for the PMMA proton magnetization (see figure 6.4), detected via the C = 0 or 
OCH3 resonance, which levels off to a nearly constant value at 3.5 ms. This 
apparent constant level is attributed to the proton magnetization of the fraction 
l-fmu of PMMA that is not closely mixed with PVF2. In the absence of proton 
spin diffusion PMMA units close to and PMMA units remote from PVF2 can 
be distinguished by the distance aspect of Чі-^Г cross polarization. Proton 
spin diffusion complicates this distinction but clearly, the ability of proton spin 
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diffusion to transfer magnetization from PMMA protons to PVF2 protons can 
abo be used to distinguish well-mixed PMMA from non-mixed PMMA. 
6.4 The effect of proton spin diffusion 
6.4.1 The model 
The transfer of proton magnetization in solids via the flip-flop term of the dipolar 
spin Hamiltonian may be described by a diffusion equation: 
^
 = DqM)+f( t ).CM) (M, 
where C(r,t) is the magnetization concentration at time t and site r. D is the 
diffusion coefficient, which is assumed constant in the blend; f(r) is a spatial de-
pendent function which describes the depolarization. 
In order to explain the time dependence of the observed carbon magnetization in 
the cross depolarization experiments, a model is needed that provides boundary 
conditions appropriate to solve the diffusion equation. Since the blends studied 
are amorphous polymers, it is not adequate to use a model similar to the ones 
used in NMR studies on polymers that contain crystalline and non-crystalline 
domains.3,4 In these systems, magnetization from amorphous and crystalline do-
mains can be detected separately, while it is also possible to confine the initial 
magnetization distribution to one of the domains, thereby creating a magnetiza-
tion gradient across different domains. We will show , however, that a very simple 
model will suffice to explain the observed trends. For this model, we assume the 
blend to consist of four different phases: 
1.) an isolated PVF2 phase I, i.e. on the timescale of the experiment no PMMA 
proton magnetization can travel into this domain through spin diffusion; 
2.) a PMMA/PVF2 phase II in which PVF2 and PMMA are intimately mixed, 
and where the main transport of magnetization from protons to fluorines is pro-
vided by direct 1H-19F depolarization; 
3.) a PMMA phase III which is close to a mixed phase II, so that its local 
magnetization density is influenced, through spin diffusion, by the loss of proton 
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magnetization in the mixed phase; 
4.) an isolated PMMA phase IV whose magnetization is not affected by depolar­
ization, nor by spin diffusion. 
For the four phases mentioned above, the local magnetization density will be 
determined by different parameters. (Note that the experimental data are cor­
rected for direct loss of proton magnetization to the lattice via Tip processes. We 
therefore do not have to include the proton Tip in this discussion.) 
The isolated PVF2 phase I will lose its proton magnetization to fluorines through 
cross depolarization, with a rate constant Tjjp. This rate constant will be approx­
imately equal to that observed in pure PVF2. The magnetization of the isolated 
PMMA, phase IV, will be assumed constant, since on the timescale of the experi­
ment no magnetization will diffuse out of this region. The proton magnetization, 
present in the mixed phase II, will decay due to cross depolarization to fluorines, 
with a rate constant T ^ T 1 . In addition there will be a supply of magnetization, 
through spin diffusion from the neighboring PMMA phase III. 
On the basis of the experimental data for the CF2 resonance it was found that 
T ^ T 1 does not equal T^p, the rate constant for cross depolarization in pure 
PVF2. One obvious reason for this is the presence of PMMA protons, close to 
fluorines, giving rise to 1) a distribution in 1 H- 1 9 F depolarization rate constants, 
and 2) a larger total proton reservoir, as compared to pure PVF2, leading to a 
slower destruction of proton polarization. 
The proton magnetization, present in the different phases, can be monitored 
separately, since the proton magnetization is subsequently transferred to carbon 
magnetization via 1 H- 1 3 C cross polarization. In the observed 1 3 C spectra, the CF2 
resonance will therefore reflect PVF2 molecules present in phases I and II. The 
C = 0 , OCH3, and CH3 resonances of PMMA, will reflect the PMMA molecules 
present in phases ΙΙ,ΙΙΙ and IV. The fraction of isolated PMMA (phase IV), how­
ever, will appear in the plots of magnetization vs. intensity, as an offset from 
zero. From the observed value of the magnetization for long depolarization times, 
this fraction can be found directly from the plot, as can be seen in figure 6.4. 
For the mixed phase II and the neighboring PMMA phase III the dependence of 
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Figure 6.5: Distribution of phases II and III as used in the spin diffusion model. 
the magnetization on the depolarization time can be described by the spin diffu­
sion equation. As a simple approximation we assume radial spin diffusion, from 
an outer sphere containing PMMA, into an innei sphere consisting of phase II. 
(figure 6.5). A description of radial diffusion in a sphere can easily be deducted 
from one-dimensional diffusion.5 We therefore turn to a one-dimensional diffusion 
model in our following discussion. The actual calculations are performed in three 
dimensions. In figure 6.6 the one-dimensional distribution of domains, consisting 
of phase II and III, is shown. The shaded areas represent mixed domains (phase 
II); the non-shaded domains contain PMMA (phase III). The radii of the domains 
axe random, and independent of each other. 
In order to find the boundary conditions for the spin diffusion equation (eq. 6.4), 
we choose a 'repeat unit', as depicted in the expansion of figure 6.6. In the mixed 
domain (—A < χ < A), there will always be a point through which no flow of 
magnetization taltes place, since magnetization flow from the right-hand and left-
hand side of this point will cancel each other. If, for simplicity, we choose this 
point at x=0, then our first boundary condition is: 
^ ^ M
=
o forx=0 (6.5) 
dx 
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Figure 6.6: Опе-аітепзіопаі représentation of distribution of domains containing 
phase II (shaded area) or phase III (non-shaded areas). 
For the same reasons a point L in the domain of phase III can be defined, through 
which there is no magnetization flow, since flow will go either in the direction of 
a sink to the left of this point, or to a sink to the right of this point. The second 
boundary condition is therefore : 
<9C(x,t) 
dx 
= 0 for χ = L (6.6) 
Via the depolarization function f(r) = f(x) (eq. 6.4) in the diffusion equation one 
takes into account that the depolarization takes place only in the mixed domain: 
ÔC(x,t) ^O 'Cfo t ) 
ôt = D- dx2 
f(x) = { : • 
+ f(x).C(x,t) 
0 < x < A 
A < x < L 
(6-7) 
(6.8) 
where к is the depolarization rate constant (= T ^ T 1 ) . A more realistic approach, 
however, is to introduce a continuous transition between the mixed phase and the 
neighboring PMMA domain. This interface, depicted by the differently shaded 
areas in figures 6.5 and 6.6, is characterized by a decaying value of |k| in the 
direction of the PMMA domain. For mathematical convenience only, a hyperbolic 
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tangent was chosen, which mimicks an interfacial width of about 3 À. This will 
closely resemble the x~e dependence of the proton to fluorine cross polarization 
rate.1 We therefore replace f(x) in eq 6.8 by the following expression: 
f(x) = ~ k {1 - tanh(b(x - A))} (6.9) 
in which b can be varied, in order to adjust the width of the interface to about 
3 Â. The initial condition for the differential equation, arises from the fact that 
at t=0, ріЫоп magnetization is present everywhere in the sample, hence: 
С = Co, t = 0, all χ (6.10) 
Using the boundary and initial conditions given above, the spin diffusion equation 
can be evaluated numerically.9 
One also has to take into account the diffusion that occurs during the last step of 
the experiment, i.e. the transfer of proton polarization to carbon nuclei. Under 
the assumption that cross polarization from protons to carbons is equally fast for 
all carbons, the spin diffusion during 1 H- 1 3 C cross polarization can be described 
« S M . D « ,β,π) 
dt дх2 к ' 
which is evaluated using the same boundary conditions as in the case of cross 
depolarization. The initial distribution is given by the concentration at site x, 
evaluated at depolarization time t . As an example, a few concentration distri­
bution curves are shown in figure 6.7, for arbitrary D, L and A and for three 
different depolarization times. 
The carbon intensities as a function of depolarization time t are obtained by inte­
grating over x. For the CF2 resonance the intensities are given by integrating over 
the sink, i.e. by integrating over χ from 0 to (A -1.5) Â. The observed PMMA 
intensities result if one integrates over χ from 0 to L. In the actual calculations, 
the mixed phase was contained in a sphere with radius A, surrounded by an out­
er shell from r=A to r=L, containing PMMA (see figure 6.5). Integration was 
carried out over the inner sphere in order to obtain CF2 intensities, and from r=0 
to r=L for PMMA intensities. 
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Figure 6.7: Magnetization distribution curves, caJcuJated for A—5 Â, L=20Â and 
D=22 Â2/ms. 
6.4.2 Diffusion coefficient 
In order to estimate domain sizes, one has to know the diffusion coefficient. 
In our calculations we assumed isotropic spin diffusion, which we believe to be 
a reasonable assumption for amorphous polymers. It has been shown that the 
spin-flip diffusion coefficient can be expressed in terms of the local dipolar field.3,7 
However, if spin diffusion proceeds under spin-locked conditions, as is the case 
in our experiments, the diffusion coefficient will be half the value characterizing 
spin diffusion in the laboratory frame.4,8 The spin diffusion coefficient can thus 
be estimated from: 
D ^ 1 
60 2 
(6.12) 
where T2 is the proton transverse spin-lattice relaxation time, and < a2 > is the 
average of the square of the distances between adjacent protons in PMMA. In 
this evaluation we assumed that spin diffusion proceeds mainly between PMMA 
protons and not in the PVF2 segments. The use of a single diffusion coefficient 
is therefore justified. 
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For the estimation of < a2 >, an average over squared distances between ad-
jacent protons of isotactic PMMA was taken. The proton-proton distances for 
isotactic PMMA (i-PMMA) were obtained by modeling a single strand of the 
double stranded 10/1 helix of crystalline i-PMMA, as suggested by Kusanagi et 
al.9 The conformation, used for energy minimization calculations, consisted of 
6 MMA monomer units. A PMMA chain was built from scratch, using torsion 
angles according to the values found by Kusanagi et al. Energy minimization 
was carried out using SYBYL,10 with heavy constraints on torsion angles and 
on the distance between the end groups of the polymer fragment. (The latter 
prevents bending of the molecule). The nearest proton-proton distances from 
the resulting conformation were used to calculate < a 2 > . Only distances smaller 
than 3 Â were taken into account. For the distances between protons bonded to 
the same carbon the following values were used: OCH3: 1.789 Â·, CH3·. 1.733 A·, 
СЩ: 1.739 Â. For the distances between protons on different carbons CH2 -CH2: 
2.321 A and 2,621 A; CH2 -CH3: 2.516 A; CH3 -CH3: 2.119 A; OCH3 -OCH3: 
2.910 A were used. The mean square of these values < a2 > was 5.097 A2. 
The proton Тг'з were obtained from Hahn echo experiments. The observed curves 
of the echo intensity versus delay time could be very well fitted with single ex­
ponential decays. We expected a large distribution in spin-spin relaxation times, 
due to the different phases present in the blend. It appears, however, that the 
differences in T2 are not big enough to observe multiple decay rates. We therefore 
assume that the Тг'з, as determined from a single exponential fit, are good ap­
proximations in order to determine the spin diffusion coefficients. The resulting 
diffusion coefficients are 20, 24, 22 and 23 Â2/ms for a PMMA/PVF2 composition 
of 80/20, 60/40, 40/60 and 20/80, respectively. 
6.4.3 T^jT1 
With a known value for the spin diffusion coefficient it is possible to determine 
Tgp, the proton to fluorine cross depolarization time in the mixed region. As 
discussed in section 6.4.1, the rate of depolarization in the blend, is different 
from the rate observed in pure PVF2. The depolarization curves for CF2 and 
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Figure 6.5: Survey of tbe phases and parameters used in the model calculations. 
CH2 in pure PVF2 can be fitted with a double exponential function. This double 
exponential fit is needed to account for crystallinity in pure PVFj. The values 
found for Tñl were 7.05 ± 0.05 ms - 1 and 7.47 ± 0.05 m s - 1 for CH2 and CFj , 
respectively, contributing 82 % and 85 % to the double exponential. These values 
are attributed to amorphous PVF2 and since the blends studied are completely 
amorphous, only these values are needed. 
Тц
Г
 can be determined from the depolarization data obtained for the CF2 -
resonance. It follows from the calculated curves that the initial datapoints are 
approximately independent of A and L. At short cross depolarization times, the 
proton magnetization density in the mixed phase II will be determined by loss 
of magnetization to fluorines. The local magnetization density will not yet be 
affected by magnetization flow from the surrounding PMMA phcise. Tgp was 
determined from the initial slopes to be 300 //s and is independent of the com­
position of the blend, assuming that the largest fraction of PVF2 is contained in 
the mixed phase II. 
Figure 6.8 shows a survey of the phases and parameters used in this model. 
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Figure 6.9: Experimental data for the C=0 resonance of the PMMA/PVF2 60/40 
blend, fitted witb A = 6 A and L = 12 A. 
6.5 Calculation of model domain sizes 
The spin diffusion equations (section 6.4.1) were numerically evaluated with the 
values for Τψ
τ
 and D given above. The calculated curves were fitted to the 
experimental data. In order to fit the curves to the experimental data obtained 
from PMMA carbons, one has to take into account the amount of PMMA that 
is not mixed (phase IV). This fraction was derived from the asymptotic behavior 
of the depolarization data at longer cross depolarization times. In figure 6.9 the 
Tabie 6.2: Isolated fractions of PMMA and PVF2, as determined from the cross 
depolarization data. 
PMMA/PVF2 
% PMMA non mixed 
% PVF2 non mixed 
20/80 
0 
75 
40/60 
10 
35 
60/40 
30 
15 
80/20 
30 
10 
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Figure 6.10: Experimenta/ data from the CF2 resonance of PMMA/PVF2 40/60 
blend 
experimental data for the carbonyl resonance of PMMA/PVF2 60/40 is shown, 
together with the calculated curve for A = 6 A and L = 12 Â, and a fraction of 
30 % PMMA, contained in phase IV. The calculated curves are scaled by dividing 
the integrated magnetization by its value at time t=0 (M/Mo). Table 6.2 lists the 
results for PMMA/PVF2 blends with different weight ratios. The depolarization 
data for PVF2, as obtained from the CF2 carbon resonance, are composed of 
a spin diffusion curve, which accounts for PVF2 contained in phase II, and an 
exponential decay curve, with time constant T¿J., representing PVF2 that is not 
mixed (phase I). This is clearly demonstrated in figure 6.10 for the PMMA/PVFj 
40/60 blend, in which 35 % of PVF2 is contained in phase I. In the figure the 
curves for phase II and I are shown separately, together with their sum. The 
dashed line (a) is a calculated depolarization curve with A = 6 À and L =15 Â, 
multiplied by 0.65, to account for 65 % of PVF2 in the mixed phase II. Curve b 
is the depolarization curve of 35 % of PVF2 that is not mixed and therefore not 
influenced by spin diffusion. The solid line is the sum of the curves a and b. Thus 
1 H - 1 9 F Cross Depolarization 97 
oo io 20 за 
DepoUrization time (nu) 
Figure 6.11: Experimental data for the 
PMMA/PVFi 60/40 blend and calcu­
lated depolarization curves with A=6 A 
and a. CH3, 1=11.5 A; b. OCH3, 
L=11.5 А; с. C=0, L=12 A. 
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Depolarization time (ma) 
the fractions of isolated PVFj, summarized in table 6.2, have been calculated 
from the experimental data at short depolarization times. Both the fractions of 
isolated PMMA and PVF2 are determined in a way that is independent of the 
choice of a spin diffusion model. Figures 6.11a, b and с show the experimental 
data and calculated curves for the CH2 , OCH3 and CO resonances of PMMA 
of the PMMA/PVF2 60/40 blend, respectively, with A=6 Â and L values as 
indicated. Note that in these figures the offset due to the amount of PMMA that 
is not mixed, is removed. The data obtained for the different PMMA resonances 
are, within experimental error, all equal, as expected. Equally good datants 
are obtained with A = 7 Â and L = 13 A. The results obtained for blends 
with different PMMA/PVF2 ratios are shown in table 6.2. It appears that the 
data for PMMA resonances from different compositions of the blend are equally 
well described by the curves with A = 6 (or 7) Â and L = 12 (or 13) Â. This 
indicates that the nature of the miscible domains is the same for all blends in the 
composition range studied. 
Good data fits were obtained for the CF2 carbon data of PVF2, with A = 6 
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Figure 6.12: Calculated depolarization curves and experimental data for the C=0 
resonance in PMMA/PVF2 60/40 with A=6 Â ала L=ll Â (Jower dashed curve); 
L=12 Â (solid Une) ; L=13 À (upper dashed curve). 
(or 7) À and L = 12 - 17 Â . Except for the PMMA/PVF2 20/80 blend, the 
values for L, found from CF2, are slightly larger than the L values found from 
the corresponding PMMA resonances. 
The calculated diffusion curves are extremely sensitive to changes in domain sizes. 
This is demonstrated in figure 6.12, where curves are shown for A = 6 À and 
L = 11,12 and 13 Â. A general trend, observed in the PMMA depolarization data 
of all blend compositions studied, is the slightly outward curvature at early cross 
depolarization times. This curvature is not found in the calculated curves when 
we take into account proton spin diffusion during the 1H-13C cross polarization. 
However, if we do not include spin diffusion occurring during the Ή - ^ Ο cross 
polarization, this same outward curvature is also visible in the calculated curves, 
as shown in figure 6.13. The dashed Une shows the result when no spin diffusion 
during 1 H- 1 3 C cross polarization is taken into account. Apparently the spin 
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Figure 6.13: Depolarization curves calculated with (solid line) and without 
(dashed line) spin diffusion during 1H - 1 3 C CP. 
diffusion during the proton to carbon cross polarization is more compUcated than 
assumed in our calculations. It is, however, gratifying that the simple spherical 
diffusion model used here explains the observed experimental data so succesfully. 
6.6 The PMMA/PVF2 composition of the mixed regions 
It is of interest, to calculate the PMMA/PVF2 monomer ratio, contained in the 
phases II and III of the blend. In this discussion we will regard phases II and III 
ТаЫе 6.3: PMMA/PVF2 monomer ratios. 
PMMA/PVF2 weight ratio 
total monomer ratio 
monomer ratio in mixed region 
20/80 
0.16 
0.65 
40/60 
0.43 
0.59 
60/40 
0.96 
0.75 
80/20 
2.56 
1.99 
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to be the mixed region. The monomer ratio in the whole sample can be calculat-
ed from the PMMA/PVF2 weight ratio, using a molecular weight for a PMMA 
monomer of 100, and for a PVFj monomer of 64. If we subtract from this the 
fraction of PVF2 and PMMA that are not mixed, we obtain the monomer ratio 
in the mixed region (see table 6.3). 
In a previous paper1 we employed contact statistics to estimate the number of 
PMMA/PVF2 contacts. We assumed PMMA and PVF2 to exist in segments, 
each segment occupying a lattice site. The size of a segment was taken as the 
repeat unit of PMMA, which has a van der Waals volume of 77.3 Â3. The van der 
Waals volume of a PVF2 unit is 40.4 A3, so approximately two PVF2 monomers 
will be contained in a segment. In this simple lattice model, ideal mixing would 
imply a ratio of one segment PMMA to one segment PVF2. This results in a 
PMMA/PVF2 monomer ratio of 0.52 for ideal mixing. The monomer ratios in the 
mixed region (table 6.3) are close to ideal mixing, except for the PMMA/PVF2 
80/20 blend. The ratio 2.0 found for this blend is consistent with previous ideas1 
that the 80/20 blend is in the dilution range, meaning that for this PMMA/PVF2 
ratio simply not enough PVF2 is present to be ideally mixed with PMMA. We 
have already found from the 19F to 13C cross polarization experiments on this 
composition that not all PMMA carbons were at nearest neighbor distances from 
fluorines in PVF2. The proton to fluorine cross depolarization experiment pre-
sented here, shows that still about 70 % of the PMMA molecules are at less than 
about 13 Â from PVFj molecules. 
The definition given above, of ideal mixing, is based on a lattice model and thus 
on a volume ratio of PMMA and PVF2 segments. In chapter 4, however, we 
showed the existence of a specific interaction between PMMA and PVF2 seg-
ments. As will be discussed in the next chapter, this interaction may ideally 
lead to a one to one mixing of PMMA and PVF2 segments. For blends prepared 
via coprecipitation, a monomer ratio in the mixed phase of 1 has indeed been 
observed (see chapter 7). 
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6.7 Discussion and conclusions 
The cross depolarization experiments provide us with information of two kinds. 
First, we are able to determine the amounts of PMMA and PVF2 that are not 
intimately mixed directly. These fractions are independent of any spin diffusion 
model. The criterion used here for distinguishing mixed and non-mixed PVF2 
and PMMA, based on spatial separation over distances that cannot be bridged 
by proton spin diffusion, is generally accepted.3,4,11"13 Secondly, the sizes of the 
domains in which PMMA and PVF2 are mixed can be estimated using a spin 
diffusion model. These sizes are found to be independent of blend composition. 
The PMMA/PVF2 monomer ratio in the mixed domains is similar in all com-
positions of the blend studied, except for the PMMA/PVF2 80/20 blend, which 
can be attributed to a dilution effect. 
The domains and the dimensions of A and L are introduced via a mathematical 
model in which the blend is assumed to consist of four phases. It is tempting 
to speculate about the physical meaning of the dimensions A and L. It seems 
likely that the dimension of A found from the fitting procedure simply expresses 
the fact that 1H-19F cross polarization over distances larger than A Angstrom is 
too slow to be noticed. In the time available for proton spin diffusion, however, 
much larger distances than L Angstrom can be bridged.3,4 This is demonstrated 
in figure 6.14. In this figure the magnetization concentration C(x,t) is plotted as 
a function of the distance for A=6 A and at a time t=3.6 ms. The magnetization 
concentration curves are calculated for several values of L. From this picture it 
becomes clear that on the time scale of the experiment, even PMMA protons at 
40 A from a fluorine sink lose magnetization, due to proton spin diffusion. We 
therefore cannot simply say that L is related to the proton spin diffusion length. 
It is interesting to note that other authors have reported heterogeneities in 
PMMA/PVF2 blends of comparable distance scales. Wendorff14 concluded from 
WAXS measurements the existence of concentration fluctuations for this blend, 
which are correlated over distances up to 10 A. Jamil and Jamieson15 reported 
heterogeneities in PMMA/PVF2 blends on a scale of 8.3 A, which is the size of 
their ESR spin probe. 
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Figure 6.14: Magnetization concentration at a depolarization time of 3.6 ms, for 
A=6 A and different values of L. 
Apart from these findings, evidence has been presented for specific interchain in-
teractions (see chapter 4), short-range order16 and reduced chain entanglement17 
in PMMA/PVF2 blends, all of which suggest the presence of local chain align-
ments. Figure 6.15 shows an impression of the blend morphology, as suggested 
by Olabisi.18 A likely possibility is that the dimension A of phase II describes the 
interacting PMMA and PVF2 segments. In this view L would then be related to 
an average distance between interacting PMMA and PVF2 pairs. PMMA and 
PVF2 remote from these segregations will correspond to the isolated fractions in 
our model. 
In view of the somewhat hypothetical character of the domains proposed in our 
model, we have made no effort to include possible complications of the spin dy-
namics. These complications, such as those arising from the differences in the 
local mobility, may affect the cross polarization process. Moreover, no signs 
of such heterogeneous mobility were detected. Differences in average mobility 
between blends with different weight ratios are taken into account via the exper-
imentally determined proton T2 values that enter into the determination of the 
diffusion coefficients D, and of the CP rate constants Tgp -1-
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Although the definition of mixed regions and the sizes found by using this mod­
el, may not correspond to the real physical situation, the results of this model 
can, however, be used as an analytical tool when comparing different blends or 
different compositions of a blend. Some applications of this technique will be 
presented in the next chapters. 
The introduced techniques can be modified by using proton multiple pulse irra­
diation sequences that provide a spin-locking field in addition to suppressing the 
homonuclear dipolar interactions between protons.1 β"2 1 In applying such a se­
quence, for instance during the 1 H - 1 9 F depolarization time, proton spin diffusion 
would be quenched, enabling one to separate the processes of proton to fluorine 
depolarization and proton-proton spin diffusion. This would allow a more quan­
titative determination of the average 1 9 F- 1 H distance, in the same as way we did 
for i e F - 1 3 C in a previous study.1 
Figure 6.15: An impression of the morphology of a blend; the numbers refer to 
the phases used in the spin diffusion model. 
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Chapter Τ 
The influence of P M M A tacticity on 
miscibility with PVF2 
7.1 Introduction 
In the previous chapters it was shown that PMMA and PVF2 are miscible at a 
molecular scale. Moreover, the 1 9 F- 1 3 C cross polarization experiments, described 
in chapter 4, indicate a specific interaction between segments of PMMA and 
PVF2. Polymer microstructure may affect both the nature of such specific inter­
actions as well as the composition of the mixed phase in polymer blends. 
Stejskal et al.1 showed differences in proton Ti,, relaxation behavior between 
blends of atactic poly (phenylene oxide) and poly (styrene) (a-PPO/PS) as com­
pared to blends of isotactic PPO and PS (i-PPO/PS). Schurer et al.2 observed 
two glass transition temperatures for blends of isotactic PMMA and poly (vinyl 
chloride) (PVC), over the entire composition range, indicating non-miscibility for 
this blend. In contract, blends of syndiotactic PMMA and PVC exhibited a single 
T g up to 60 weight % s-PMMA. The influence of PMMA tacticity on miscibility 
in PMMA/PVF2 blends has been investigated by studying the melting point de­
pressions of the PVF2 crystalline phase in these blends.3,4 
In the present study we investigate the effect of PMMA tacticity in amorphous 
PMMA/PVF2 blends. The 1 9 F- 1 3 C cross polarization technique, introduced in 
chapter 4, is used to examine the nature of specific interactions as a function 
of PMMA tacticity, while the 1 H - 1 9 F cross depolarization technique (chapter 6) 
is used to determine the composition and size of the miscible domains. Before 
presenting the results, polymer tacticity and conformation will be discussed. 
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7.2 Polymer microstructure 
In a polymerization reaction different types of polymer microstructures can be 
produced by the stereochemical isomerism during incorporation of the monomers 
in the polymer chain. If the stereochemical configuration of succesive monomer 
units is random, the polymer is classified as atactic. The use of coordination 
catalysts permits the synthesis of stereoregular polymers, in which the succe­
sive monomer units have the same stereochemical configuration. For PMMA, 
two stereoregular configurations exist. If substituents of one type on the CH2-C 
backbone of succesive monomer units have the same relative handedness, the 
configuration is called isotactic; if the handedness alternates between neighbor­
ing units in a polymer, the configuration is called syndiotactic. Figure 7.1 shows 
the possible configurations. Note that these stereochemical configurations can not 
be interconverted by rotations around the main chain carbons. The amount of 
stereoregularity can be characterized by solution 41 or 1 3 C NMR. 6 , 8 For instance, 
Me Me He Me isotactic Me R l ie R Me R Me R 
\ ^ Ч>* Ч ^ Ч ^ 
Me 
Me 
Me 
H — \ 
Me 
eyndiotactic Me R R Me Me R R Me 
^ x/* \^ \^ 
Me 
Me 
Me atactic Me R R Me R Me Me R 
Ч ^ N ^ X ^ \ ^ 
Me R = COOCHg Me = CH3 
Figure 7.1: The possible stereocheinical configurations for PMMA shown in a 
planar view Cleft) and in an all-trans conformation (right). 
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Figure 7.2: Defìnitions of backbone conformations. 
the resonance position of a methylene carbon or proton will be determined by 
whether the adjacent estergroups have the same or opposite configuration. The 
methylene protons of a syndiotactic or racemic diad (r) are equivalent due to 
symmetry and will show as a singlet in the spectrum. The methylene protons of 
an isotactic or meso diad (m) are non-equivalent and will appear as a doublet, 
each resonance is further split due to J-coupling. The resonance position of pro-
tons or carbons of the ester or methyl group of PMMA will be determined by the 
relative stereochemical configuration of the two neighboring monomer units and 
thus by triads instead of diads. An isotactic sequence will consist of mm triads, 
while a syndiotactic configuration will be characterized by rr triads. The amount 
of stereoregularity can be determined from the mm/mr/rr ratio. 
Another aspect of polymer microstructure is the conformation of the backbone. 
Rotations over skeletal bonds result in different conformations, classified as trans 
(t) or gauche (g+ or g~). These possibilities are shown in figure 7.2. In the 
case of PMMA two rotation angles are used to describe the backbone configura-
tion (see figure 7.3). Sundarajan and Flory7 concluded from energy calculations 
that the PMMA chain conformation is close to all-trans, irrespective of tacticity. 
These results were confined by Wide Angle X-ray Scattering (WAXS) experi-
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Figure 7.3: Structure of a racemic diad of PMMA. 
ments, performed by Lovell and Windle,8 who also concluded that this all-trans 
conformation persists over 16-20 backbone bonds for syndiotactic PMMA. Fig­
ure 7.1b depicts the different PMMA configurations in the all-trans conformation. 
Spëvacek et id.9 detected, using 13C CPMAS NMR spectra of syndiotactic and 
isotactic PMMA, small amounts of tg and gt conformational diads in addition to 
the all-trans conformation of the bulk. 
PMMA with different tacticity exhibits strong differences in chain flexibility.4'10 
This behavior is reflected in strongly varying glass transition temperatures of the 
stereoisomers, and in different longitudinal relaxation times in solution10 and in 
solid state NMR.9·11 
7.3 Experimental 
Blend preparation. The a-PMMA and PVF2 are similar to the materials de-
scribed in the previous chapters. The i- and s-PMMA used were kindly provided 
by prof. G. E. Challa and mr. J. Vorenkamp of the State University of Groningen 
(the Netherlands) Their average molecular weights Mw are 275 000 and 66 000 
g/mol, respectively. The tacticities of the PMMA samples were determined by 
Ή NMR in CDCI3. The triad percentages are given in table 7.1. 
Blends were prepared via coprecipitation and subsequent compression molding, 
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as described in chapter 4. The weight composition was 60/40 for all blends. The 
Tg's found (DSC, heating rate 20 "C/min) for the different blends and their ho-
mopolymers are listed in table 7.2. 
NMR. The experimental set-up as well as the experimental conditions are similar 
to those described in chapters 4 and 6. 
Table 7.1: Triad percentages of the ΡΜΜΛ homopolymers. 
triads 
i-PMMA 
a-PMMA 
s-PMMA 
isotactic (mm) 
96 
5 
1 
heterotactic (mr) 
4 
34 
9 
syndiotactic (rr) 
0 
61 
90 
Table 7.2: Glass transition temperatures Tt of the various PMMA/PVF2 60/40 
blends and their homopolymers. 
i-PMMA 
a-PMMA 
s-PMMA 
PVF 2 
T
e
( K ) 
331 
379 
411 
243 
i-PMMA/PVF2 
а-РММА/Р Рз 
s-PMMA/PVF2 
T g ( K ) 
311 
343 
359 
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7.4 Results 
7.4.1 1 9 F- 1 3 C cross polarization 
Figure 7.4 shows the fluorine to carbon cross polarization spectra of PMMA/PVF2 
60/40 blends with atactic, isotactic and syndiotactic PMMA. The intensities of 
the PMMA OCH3 carbon resonances, obtained as a function of the i e F - 1 3 C con­
tact time, are shown in figure 7.5. In the first approach the data were fitted 
with equation 4.1. The rotating frame relaxation times 1 9 F Tip and 1 3 C Tip were 
measured in separate experiments. The 1 9 F T i / s are determined via a 1 9 F —1 3 С 
cross polarization experiment in which the fluorine magnetization is transferred 
to the carbons at the end of a variable-time 1 9 F spin-lock. The 1 3 C T^'s are 
measured in a 1 H- 1 3 C cross polarization experiment, in which the carbon spin-
lock field is continued for a variable time after turning off the proton RF field. 
The data of figure 7.5 were fitted using these values, yielding the cross relaxation 
time Tis. The parameters are summarized in table 7.3. The Tis values can be 
used to obtain spatial information assuming that the cross polarization dynamics 
can be described by a single transfer rate. This assumption seems reasonable 
since the cross polarization curves (figure 7.5) can be satisfactorily described by 
the calculated curves. The value of T^ 1 can be related to the average 1 9 F- 1 3 C 
distance r
a v
, as was previously described. In order to do so, a value for the cor­
relation time Гс is needed. For these blends this value has been estimated from 
TabJe 7.3: Cross polarization parameters and 1 9 F - 1 3 C distances for the OCH3 
carbons of various PMMA/PVF-z 60/40 blends. 
i-PMMA/PVF2 
a-PMMA/PVF2 
s-PMMA/PVF2 
Tis(ms) 
8±2 
10±2 
7±2 
Tf,(ms) 
1.1±0.2 
1.1±0.2 
1.1І0.2 
T?,(ms) 
50±5 
80±5 
85±5 
Га (А) 
2.9І0.1 
3.0±0.1 
2.8±0.1 
Gaussian fit 
σ(Α) 
0.2 
0.2 
0.2 
C(A) 
3.0І0.1 
3.1±0.1 
2.8±0.1 
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200 100 
PPM 
Figure 7.4: 1 9 F - 1 3 C CPMAS spectra of a. isotactic b. atactic and с syndiotactic 
PMMA/PVF2 60/40 blends, with simultaneous 1H and 1 9 F decoupiing. 
the cross polarization curve of the CF2 resonance of PVF2 in the blends. We 
assumed that the directly bonded fluorines are primarily responsible for the cross 
polarization of the CF2 carbon. A value of 1 ± 0.1 ms for т
с
 was determined 
from the known 1 9 F- 1 3 C distance (1.34 Â). The average distances rav from PVF2 
fluorines to PMMA OCH3 carbons found in this way are listed in table 7.3. 
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Figure 7.5: 1 9 F - 1 3 C CP ОСНз 
carbon intensities of a. isotac-
tic b. atactic and с syudiotactic 
PMMA/PVF2 60/40 blends, fitted 
with a singJe Tis vaiue. 
1
— I — l — I — ι — I — l — Г 
1 2 3 4 5 6 7 
Contact t ime (ms) 
Figure 7.6: l 9 F - 1 3 C CP OCH3 
carbon intensities of a. isotac-
tic b. atactic and с syndiotactic 
PMMA/PVF2 60/40 blends, fitted 
with a Gaussian distribution {unc­
tion ((7=0.2 Â). 
Another approach, described in chapter 4, is to allow for different local environ-
ments of the PMMA carbons due to nearby fluorines. It was shown that in this 
case the carbon cross polarization intensities as a function of the contact time can 
be described by a superposition of cross polarization curves with different values 
of Tis , multiplied by suitable weighting factors Wn(r). The fit parameters are 
listed in the last columns of table 7.3. It is not possible to fit the experimental 
data by assuming a broad or a random distribution function. Only the assump-
tion of a narrow Gaussian distribution of distances around an average value τ\
γ 
yielded good data fits, as depicted in figure 7.6. 
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PPM 
Figure 7.7; 'Я- 1 3 С CPMAS spectra of a. isotactic b. atactic and с sjrad/otactic 
PMMA/PVFi 60/40 blends, with simultaneous lH and 1 9 F decoupling. 
7.4.2 1 H- 1 8 F cross depolarization 
The carbon spectra of the blends, obtained by cross polarization from protons 
aie shown in figure 7.7. A proton-fluorine cross depolarization experiment was 
performed, as described in chapter 6. The OCH3 carbon intensities as a func­
tion of the depolarization time are shown in figure 7.8. The magnetization decay 
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D e p o l a r i z a t i o n t i m e ( m s ) 
Figure 7.8: 1 H - i e F cross depolarization OCH3 carbon intensities of a. isotactic b. 
atactic and с syndiotactic PMMA/PVF2 60/40 blends. 
curves level off to nearly constant values. As before, these offsets are attributed 
to PMMA that is remote from PVF 2 and therefore can be classified as not mixed. 
The curves show that less isolated PMMA is found in the case of Ì-PMMA/PVF2 
(4%) than for a-PMMA/PVF2 (9%) and s-PMMA/PVF2 (12%). 
In order to model the loss of PMMA and PVF2 proton magnetization to the 
fluorine sink, the values of the diffusion coefficient (D) and the rate constants for 
magnetization losses in the mixed phase (T^T 1 ) and in the isolated PVF2 phase 
(T¿£) are needed. T ^ T 1 and T¿p were equal to the values found in chapter 6. 
The spin diffusion coefficient D was determined from equation 6.12 and the proton 
Тг'з of these blends, and was found to be 21 Â2/ms. The differences in mobility 
between blends with different stereoregular forms of PMMA as mentioned in the 
introduction, are not reflected in differences in proton Тг'з. 
Numerical evaluation of the spin diffusion equations (6.4-6.11) with these param­
eters and for different values of A and L, yield curves that can be fitted to the 
116 Chapter 7 
Table 7.4: Fractions of PMMA and PVF2 tbat are not mixed; monomer ratios 
(MR) in the blend and in the mixed phase. 
PMMA/PVF2 60/40 
% PMMA not mixed 
% PVF2 not mixed 
total MR 
MR in mixed region 
i-PMMA/PVF2 
4 
5 
0.96 
0.97 
a-PMMA/PVF2 
9 
15 
0.96 
1.03 
s-PMMA/PVF2 
12 
15 
0.96 
0.99 
experimental depolarization data. As shown in figure 7.8, the calculated solid 
Unes represent the experimental data well with A=7 or 8 À and L=14 or 15 A for 
i-PMMA/PVF2 and A=6 or 7 Â and L=13 or 14 Â for a- and s-PMMA/PVFz-
Other PMMA carbon resonances yield the same values for A and L. 
The magnetization decays observed for the PVFj CFj carbon resonance of the 
blends, arise from both PVF2 that is intimately mixed with PMMA and from 
isolated PVF2. The calculated curves should therefore be composed of a spin 
diffusion curve and an exponential decay curve with a rate constant T¿p, the 
latter being obtained from pure PVF2. For Í-PMMA/PVF2 the CF2 carbon data 
are fitted with the same values of A and L used to fit the PMMA carbon data, 
and with 5% PVF2 contained in the isolated phase. Slightly larger values for L 
are needed to fit the CF2 data for a- and S-PMMA/PVF2 (A=6 Â, L=15 Â); 
in both blends 15% of the PVF2 was not mixed. The results are summarized in 
table 7.4. 
If one considers material contained in a sphere with radius L to be intimately 
mixed, the PMMA/PVF2 monomer ratio in this mixed phase can be calculated 
(see table 7.4). This monomer ratio is close to one, for all blends studied. 
7.5 Discussion 
The 19F-13C cross polarization experiments provide information on nearest neigh-
bor distances between PVF2 fluorines and PMMA carbons. A good description 
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of the experimental data is obtained only by assuming either a single carbon-
fluorine distance (see figure 7.5) or a narrow distribution of distances (figure 7.6). 
These findings, in line with the results presented on а-РММА/Р Рг in chapter 4, 
strongly indicate a specific interaction between PMMA segments and PVFj seg­
ments. Moreover, the estimated distances (about 3 À) between a fluorine and 
an OCH3 or CO carbon are close to the sum of the van der Waals radii. (The 
reported van der Waals radii of PMMA are 1.7 Â for a carbonyl carbon, 1.9 Â 
for an ester CH3 group12 and 1.3 Â for a PVF2 fluorine13). 
The 19F-13C cross polarization experiments do not reveal any differences between 
blends with different stereoregular PMMA configurations. This implies that the 
nature of the interactions between PVF2 and PMMA segments is not influenced 
by the tacticity of PMMA. 
It was shown by Leonard et al.14 that hydrogen bonding between PVF2 protons 
and carbonyl oxygens of PMMA promotes molecular interactions between these 
polymers. The efficiency of such contacts between unlike chains will depend on 
the relative conformations of the respective segments. For PMMA both energy 
calculations and experimental results indicate a strong preference for an all-trans 
conformation, irrespective of tacticity.7,8'15"17 PVF2 adapts an all-trans (tt) or 
a trans-gauche (tg) conformation.13 The PVF2 tt conformation allows more ef-
ficient interactions with PMMA than the tg counterpart. Léonard et al.4 noted 
that the spacings between CH2 groups in the tt conformation nearly matches the 
spacing between successive carbonyl groups of PMMA. The occurence of a hy-
drogen bond would then position adjacent CH2 groups close to carbonyl groups, 
enabling multiple contacts. These multiple interactions stabilize the PVF2 all-
trans conformation as evidenced by an increase in trans/gauche ratio as a function 
of the PMMA content in PMMA/PVF2 blends.4 Evidence for multiple contacts 
was also reported by Saito et al.,18 whose depolarized light scattering experiments 
revealed short-range ordering in PMMA/PVF2 blends, due to local chain align-
ments. 
Apart from PMMA in the all-trans conformation a small fraction of tg confor-
mational diads are also present. These fractions are visible in the NMR spectra 
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of the blends (see figure 7.7) and are most pronounced in the case of isotactic 
PMMA. In the spectrum of the i-PMMA/PVF2 blend the CH3 carbon region 
exhibits two resonances, a strong resonance at 23 ppm and a weak resonance at 
approximately 30 ppm. The largest resonance is attributed by Spévácek et al.9 to 
the tt conformation and the smaller one, shifted with respect to the tt resonance 
due to the so-called 7-gauche effect, to tg conformational diads. The shoul-
der on the left side of the CH3 resonance in syndiotactic PMMA as well as the 
asymmetric shape of the CH3 resonance in atactic PMMA are attributed to the 
presence of tg conformations. Surprisingly, these resonances are also observed in 
the 19F-13C cross polarization spectra (figure 7.4). This can be understood if one 
recognizes the tg conformational diads as defects with small persistence lengths, 
between sequences of tt conformation. In that case multiple interactions between 
all-trans PMMA segments and PVF2 will force parts of PVF^ chains to approach 
the PMMA tg diads, while also single contacts may be present. 
The similarity of the nature of PMMA and PVF2 interactions in the case of dif-
ferent stereoregular PMMA forms is confirmed by the 1H- i eF cross depolarization 
experiments. The sizes A and L, used in the model to describe the loss of proton 
magnetization via spin diffusion to the fluorine sink, are the same for all blends 
studied. The PMMA/PVF2 monomer ratio in the mixed phase is also equal in 
all blends. This value is close to one, tempting one to conclude that a one to 
one mixing of PMMA and PVF2 chains exists. Care must be taken, however, in 
drawing such a conclusion, due to the somewhat hypothetical character of the 
domains involved in the proposed spin diffusion model, and due to the fact that 
for blends prepared in a different manner (see chapter 6), quite different values 
for the monomer ratio were found. This matter will be addressed at the end of 
the section. 
In addition to knowledge on the nature of the interaction the 'H-^F cross de-
polarization experiment provide information on the number of close PMMA and 
PVF2 contacts. By comparing blends with different PMMA tacticity, differences 
are observed in the fractions of PMMA and PVF2 that are not intimately mixed 
(see table 7.4). The non-mixed fraction of PMMA increases in the order isotactic 
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(4%), atactic (9%) and syndiotactic (12%). The same trend has been observed 
by Roerdink et al.3 and Léonard et al.4 by studying the crystallization behavior 
of PVFj in PMMA/PVF2 blends. 
Possible explanations are offered by differences in molecular weight, mobility and 
extended chain structure between blends with PMMA of different tacticity. A 
possible effect of the molecular weight of PMMA on the number of interactions 
is excluded by the agreement with the observations of Roerdink et al., who used 
a-PMMA of the lowest and s-PMMA of the highest molecular weight. The larger 
flexibility of isotactic PMMA as compared to the stiffer atactic and syndiotac-
tic chains makes it easier to adapt a favorable conformation to allow for mul-
tiple interactions and to induce local chain alignments. Although the average 
persistence length of tt conformational diads in pure isotactic PMMA (about 
б backbone bonds1 6) is smaller than for syndiotactic PMMA (16-20 backbone 
bonds8 '1 8), this effect is probably cancelled by the curvature of a- and s-PMMA 
chains due to unequal backbone angles.7,8 
Finally we briefly comment on observed differences between blends prepared by 
melt-kneading (Brabender W30EH) and blends cast from solution. Figure 7.9 
shows the intensities of the PMMA OCH3 resonances in a ЧІ-^Г cross depolar­
ization experiment for a melt-kneaded а-РММА/Р Гг 60/40 blend (data taken 
from chapter 6) and a solution cast 60/40 blend. It was observed for the melt-
kneaded blend that 30 % of PMMA is contained in the non-mixed phase, whereas 
in the solution cast blend only 9 % is not mixed. In both samples an isolated PVF2 
fraction of 15 % was found. Furthermore, for PMMA/PVF2 60/40 the monomer 
ratio in the mixed phase was reported to be 0.75 for the melt-mixed blend,19 
whereas a value of 1.03 is found here. No differences are observed in either the 
sizes (A and L) of the miscible domains pr the 1 9 F- 1 3 C distances, indicating that 
the nature of the interactions is equal for melt-mixed and solution-cast blends. 
Three possible explanations are offered for this behavior. The melt-kneaded blend 
may not have been mixed long enough to obtain complete mixing, whereas the 
polymers are already thoroughly mixed in solution. The differences may also be 
caused by dead volume in the kneading apparatus. Hirata et al.2 0 suggest that 
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Figure 7.9: OCH3 cross depolarization data for a PMMA/PVFj 60/40 blend, 
obtained via a. melt mixing and b. coprecipitation. 
a Lower Critical Solution Temperature- (LCST) type phase separation may have 
taken place in the melt-kneaded blend. The observed differences in monomer 
ratios in the mixed regions of differently prepared blends are obviously due to 
differences in the number of interacting PMMA and PVFj segments. The larger 
number of contacts in the solution-cast blend than in the melt-kneaded blend, 
as indicated by the smaller fraction of isolated PMMA, increases the amount of 
PMMA close to PVF2 and therefore the monomer ratio in the mixed phase. 
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Chapter ö 
Dynamic processes in P M M A / P V F 2 blends. 
8.1 Introduction 
In the previous chapters, we focussed our attention to the determination of 
molecular miscibiUty in the PMMA/PVF2 blend. The samples studied were 
as-synthesized and the experiments are performed and kept at room temperature 
i.e. below the Tg 's of the blends. At temperatures above Т
в
 the entire polymer 
chains can move. This gives rise to several phenomena, including phase separa­
tion, crystallization and diffusion. In this chapter the applicability of the 1 H - i e F 
cross depolarization experiment, described in chapter 6, to the study of blends, 
subjected for a time period to elevated temperatures, is investigated. In the next 
section we will focus on the diffusion of PMMA and PVF2 chains in the melt, 
while in the last section phase separation upon annealing above TK will be studied 
for the PMMA/PVF2 60/40 blend. 
8.2 Interdiffusion of P M M A and PVF 2 
The interdiffusion of polymer chains is an important phenomenon in polymer 
science, since it controls diverse processes such as adhesion, welding and crack 
healing in polymers, as well as the kinetics of phase separation, crystallization 
and morphology in polymer blends. In miscible polymer systems the interdiffu-
sion will be determined both by the molecular mobility and the thermodynamic 
properties of the system. The negative free energy of miring will be the main 
driving force for the diffusion in miscible systems. 
Interdiffusion of polymers has been measured by various techniques. Some of 
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these techniques require either labeling of one of the components (e.g. deuter-
ation1) or the insertion of marker particles.2"4 Vorenkamp et al.5 studied the 
interdiffusion of poly (vinyl chloride) and PMMA using infra-red spectroscopy. 
Interdiffusion in PMMA/PVF2 blends has been studied by Garbella and Wen-
dorff* by means of small angle X-ray scattering. Here we want to examine the 
applicability of the 1 H - 1 9 F cross depolarization technique, introduced in chap­
ter 6, to the study of interdiffusion of PMMA and PVF2. 
8.2.1 Experimental 
Sheets of PMMA and PVF2 were molded in a press at 200 0 C. The average 
sheet thickness was 92.5 μπι for PMMA and 88.2 μιη for PVF2. Pieces were cut 
from these sheets and stacked alternatingly in a ceramic magic angle spinner. 
This spinner was heated in an oven at 190 0 C for a certain time during which 
diffusion takes place, after which it was quenched in liquid nitrogen. A l H - 1 9 F 
cross depolarization experiment was performed for each diffusion time, which 
enables the determination of the isolated PMMA and PVF2 fractions. 
8.2.2 Results and discussion 
The isolated fractions of PMMA and PVF2 as a function of the interdiffusion 
time are shown in figure 8.1. The decrease in the amounts of isolated material 
shows that interdiffusion indeed occurs. 
In order to interpret these data, one has to evaluate the diffusion equation. The 
basis for polymer diffusion is the reptation theory of de Gennes.7 The reptation 
theory describes the motions of long polymer chains, within a tube formed by 
the topological restraints of surrounding polymer chains. In order for a chain 
to move in this tube, a certain volume of vacant space must be occupied at one 
end and created at the other end. The diffusion process therefore involves three 
diffusion fluxes: one of PMMA chains, one of PVF2 chains and a vacancy flux. 
Due to differences in mass and size between PMMA and PVF2 chains, the fluxes 
wiH not be the same and a net flux of vacancies will result. Consequently, an 
osmotic pressure gradient tends to build up in the region of the slower diffusing 
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Figure 8.1; FVactions of isolated PMMA and PVFj as a function oí the interdif-
fusion time. 
component. This pressure gradient will be relaxed by a mass flow of both PMMA 
and PVF2 in the direction of the faster diffusing component. This mass flow 
is detectable through the movement of inert marker particles, inserted at the 
interface of the original diffusion couple.2-4 
The total flux of PMMA or PVF2 is thus the sum of the contributions from true 
diffusion and from mass flow. This situation is described by Crank,8 and adapted 
for the PMMA/PVF2 couple by Wu et al.,4 who took into account the change in 
specific volume upon mixing. The diffusion equation for PMMA is given by4: 
= •£- (pDÁ - Р ^
А
( А В
А
 - V B D B ) ) 
at dx dx 
(8.1) 
where A and В refer to PMMA and PVF2, respectively, DA and DB are the 
intrinsic diffusion coefficients, WA is the weight fraction of PMMA, VA and в are 
the partial specific volumes of pure PMMA and PVF2 and ρ = 1/v, with ν the 
specific volume at x. The specific volumes of PMMA/PVF2 blends as a function 
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of the weight ratio, have been measured by Wu et al.4 and are given by: 
ν = 0.9191wA + 0.6605WB at Τ = 190
oC (8.2) 
The boundary conditions are defined by the requirement that opposite flows 
cancel at the centers of either a PMMA or a PVFj sheet (see figure 8.2) i.e. 
l L „ j * = p ' Q ( 8 · 3 ) 
P and Q are half the thickness of a PMMA or a PVF2 sheet at 190 0 C , respec­
tively, which were calculated from the thicknesses at room temperature to be 50 
and 51 μπι, respectively. The diffusion equation 8.1 is numerically evaluated for 
different values of the intrinsic diffusion coefficients DA and D B . Such an evalua­
tion yields distribution curves as depicted in figure 8.3. From these distribution 
curves one can then estimate the amount of isolated PMMA. From chapter 6 we 
know for the samples studied there, the fraction of isolated material as a function 
of the PMMA/PVF2 weight ratio. For intermediate weight ratios, the isolated 
fractions are obtained by interpolation. The distribution curves can thus be re­
calculated to represent the weight fraction of isolated PMMA as a function of the 
distance. The total amount of isolated PMMA at a certain diffusion time is then 
obtained by integrating the corrected diffusion curves. The amount of isolated 
PVF2 follows from a similar procedure. 
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Figure 8.3: Weight fractions ofPMMA as a function of the distance, at t=0; 30; 
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Since the interdiffusion is a function of the intrinsic diffusion coefficients of both 
PMMA and PVF 2 (DA and DB), the PMMA and PVF 2 curves can be fitted by 
several combinations of DA and DB- However, since the same diffusion coeffi­
cients govern the diffusion of PMMA and PVF2, only one combination can fit 
both curves. The calculated fits are shown in figure 8.1. The diffusion coefficients 
are DA = (7 ± 5) • l O ^ W / s and D B = (15 ± 5) · l O ^ W / s at 190 0 C . 
The diffusion coefficients for PMMA-PVF2 couples have also been determined by 
Wu et al.4 by observation of gold particle movements. The diffusion coefficients 
estimated in this study agree with their observations. However, their claimed ac­
curacy is clearly too high. Firstly, because they estimate the ratio DA / D B from 
the self diffusion coefficients. Secondly, their apparently good datafit is obtained 
by representing the marker displacements versus diffusion time in a bilogarithmic 
plot. 
An important simplification, used in the evaluation of the diffusion equation, is 
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that the intrinsic diffusion coefficients axe assumed concentration-independent. 
Kramer et al.2 pointed out that for miscible polymers these diffusion coefficients 
are strong functions of the composition, which also involve the concentration 
dependent Flory-Huggins interaction parameter χ. The differences in curvature 
between simulated and experimental data (see figure 8.1) suggest that this depen­
dence should be taken into account. Nevertheless, these complications are only 
encountered in the evaluation of the experimental data, and are independent of 
the technique used. The data presented show that the 1 H - 1 9 F cross depolarization 
technique can indeed be used to study the interdiffusion of PMMA and PVFz-
This technique has an advantage over studies of marker displacements, in that 
no prior knowledge, i.e. either D A or DB or their ratio, are needed. 
8.3 Phase separation in PMMA/PVF2 blends 
8.3.1 Exper iments and observations 
PMMA/PVF2 blends with a weight ratio of 60/40, are prepared by coprecipita-
tion, as described in chapter 4. The samples are annealed in an oven at either 
120 or 140 0 C . After an annealing time 1
ш п
, the samples are quenched in liq­
uid nitrogen and a 1 H - 1 9 F cross depolarization experiment is performed. Upon 
anneaJing, phase separation takes place in the blend, which shows from the ex­
periments by ал increase in the fractions of not-mixed PMMA and PVF2. Some 
examples of depolarization curves are shown in figure 8.4 for the PMMA OCH3 
carbon resonance of a blend, annealed at 140 0 C. The curves can be well fitted 
with spin diffusion curves (see chapter 6), calculated with A=6 A and a value for 
L which increases from 13 À at short annealing times, to 15 A at long anneal-
ing times. In figures 8.5 a and b the fractions not-mixed PMMA and PVF2 are 
plotted as a function of the annealing time and at different temperatures. From 
these fractions, the monomer ratios of mixed PMMA and PVF2 were calculated 
and found to increase as a function of the annealing time. 
In addition to the NMR experiments DSC measurements are performed (Perkin-
Elmer, heating rate 10 K/min.). Upon annealing the DSC spectra show a melting 
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Figure 8.4: OCH3 carbon intensities as a function of the cross depolarization 
time, for blends annealed at 140 °C. The solid lines are calculated with A=6 A 
and L=13, 14 and 15 Á respectively for £„„, = 0, 150 and 990 min. 
peak of PVF2 crystallites, which enables the determination of the degree of crys-
tallinity.9 Figure 8.6 shows the degree of crystallinity Xc as a function of the 
annealing time and temperature. From the DSC measurements we also obtained 
the glass transition temperature of the blend. These Tg's shifted to higher values 
as a function of the annealing time. 
The blend, annealed at 140 "С іот 16.5 hours, was heated in an oven at 190 0 C , 
which is well above the melting temperature of the blend and the PVF2 crystals. 
After a certain time the sample was quenched in liquid nitrogen and a cross de­
polarization experiment was performed. It appeared that after only 10 min. all 
the PMMA and PVF2 were mixed again, i.e. the fractions of isolated PMMA 
and PVF2 are again at the same values as before annealing. Melting at 190 0 C 
for longer times did not decrease these values. 
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Figure 8.5: Fractions of not-mixed PMMA (a) and PVF^ (b), as a function of 
the anneaäng time at 120 and 140 °C. 
8.3.2 Discussion 
The DSC measurements show that upon annealing of PMMA/PVF2blends, part 
of the phase separation, observed with the cross depolarization experiment, is 
due to crystallization of PVFj. As already mentioned in chapter 4, PVFj can 
exist in a variety of crystal forms. Leonard et al.10 showed that under these 
annealing conditions PVF2 in the PMMA/PVFj 60/40 blend crystallizes in the 
a-modification. The amorphous material is located in the regions between the 
PVF2 lamellae. 
Wang and Nishi11 reported a strong reduction in the growth rate of PVF2 crys-
tals with increasing PMMA content. Their observations of constant radial growth 
rates of PVF2 spherulites in PMMA/PVFj blends (although with higher PVF2 
content), is not supported by either our NMR or DSC data. However, their 
measurements cover only a small time period relative to the growth rate. Mor-
ra and Stein12,13 pointed out that the growth rate should continuously decrease, 
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Figure 8.6: Crystalline fraction of PVF2, determined with DSC. 
due to depletion of PVF2 in the amorphous regions surrounding the crystals. 
This explains the trends in our data (see figure 8.5 and 8.6). The depletion of 
PVF2 in the amorphous region leads to a PMMA-richer phase. Evidence for this 
phase was found by proton Т ^ measurements.14 From our experiments we find 
an increase of the PMMA/PVF2 monomer ratio in the mixed phase, as well as 
in the value of L, of the proton T l p and of the Т к of the blend, with increasing 
annealing time. These results are all indicative of an increasing PMMA content 
in the amorphous phase. 
There is a marked discrepancy between the fraction crystalline PVF2, obtained 
from the DSC experiments, and the fraction not-mixed PVF2, obtained from the 
NMR experiments (see figure 8.7). Hahn et al. 1 5 · 1 9 suggest the existence of a 
crystal-amorphous PVF2-interphase. This interphase is believed to be caused by 
head-to-head and tail-to-tail defects in PVF2 (see chapter 2) and is expected to 
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Figure 8.7: A comparison of the crystaííine fraction and the not-mixed fraction 
ofPVFz, as a function of the annealing time at 140 "С 
expel PMMA. Since the difference between the NMR and DSC data (figure 8.7) 
approaches a constant value after an initial annealing time, we believe that our 
data support the suggestion of a crystal-amorphous PVF2-interphase. 
FVom the NMR data, after melting at 190 0 C, we observe that the crystals have 
melted and are intimately mixed again after approximately 10 min. This means 
that no large PVF2 spherulites have developed upon annealing. If we approxi­
mate the mean displacement8 of the polymer chains by d = (2Dt)ï, and use the 
diffusion coefficient of PVF2, found in the previous section, this would pose an 
upper limit on the radii of the crystallites of 5 /im. Morra and Stein13 showed 
that due to depletion of PVF2 in the amorphous region surrounding the crystals, 
the crystal growth is hindered, which may lead to the formation of small crystals. 
Finally, we briefly comment on the differences, observed at short annealing times, 
for different annealing temperatures. The crystalline fractions, obtained from 
DSC experiments of blends annealed at 120 0C (see figure 8.6), seem to indi-
cate an abrupt increase after an initial annealing time. The NMR data however 
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(figure 8.5), show an instantaneous increase in the amount of not-mixed PVFj. 
These differences are not observed for the blends annealed at 140 0 C. The differ-
ence may be caused by a failure of DSC to detect small amounts of crystallinity. 
However, Saito et al.17 reported convincing evidence of Upper Critical Solution 
Temperature (UCST) behavior in PMMA/PVF2 blends. For the PMMA/PVF2 
60/40 blend the UCST was determined at approximately 120 0C. This means that 
below this temperature the observed phase separation is due to spinodal decom-
position, which rate prevails over that of crystallization. Although our data are 
not conclusive, the possibility of an UCST, located in between 120 and 140 0C, 
can not be ruled out. 
The crystallization of PVFj in PMMA/PVF2 blends is a complex process, which 
is influenced by many parameters, both from thermodynamic and kinetic origin. 
The few results presented in this section, demonstrate that the 1H-19F cross de-
polarization experiment can be a useful tool for the study of phase separation 
phenomena. 
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Samenvatting 
Met behulp van vaste stof NMR is onderzoek gedaan naar de moleculaire meng-
baarheid in PMMA/PVF2 blends. 
In het eerste hoofdstuk wordt kort ingegaan op vaste stof NMR en op polymeer 
blends. De ontwikkelde NMR technieken vereisten aanpassingen van de bestaande 
apparatuur. Deze aanpassingen zijn in hoofdstuk 2 beschreven. 
De ontwikkelde experimenten zijn gebasseerd op magnetisatie overdracht tussen 
kernspins van PMMA en PVF2. In hoofdstuk 3 zijn de principes van magneti-
satie overdracht beschreven, alsmede een opsomming van de verschillende NMR 
technieken waarmee deze overdracht kan worden bestudeerd. 
Drie nieuwe experimenten zijn beschreven in de hoofdstukken 4,5 en 6. In het 
i9p_i3Q
 c r o s s polarization experiment (hoofdstuk 4) wordt magnetisatie overge-
dragen van een fluor van PVF2 naar een koolstof van PMMA. Deze techniek 
levert informatie over de fluor-koolstof afstand, terwijl tevens aanwijzingen zijn 
gevonden voor een specifieke interactie tussen PMMA en PVF2 segmenten. Het 
19F-1H-13C double cross polarization experiment (hoofdstuk 5) levert ook in-
formatie over fluor-koolstof afstanden, maar in dit experiment kan magnetisatie 
over grotere afstanden worden overgedragen. Met het 1H-19F cross depolariza-
tion experiment (hoofdstuk 6) kunnen de hoeveelheden PMMA en PVF2 die niet 
op moleculaire schaal gemengd zijn, worden verkregen. Tevens worden domein-
groottes bepaald, die betrekking hebben op de gebieden waarin PMMA en PVF2 
goed gemengd zijn. 
In hoofdstuk 7 worden deze technieken aangewend om het effect van PMMA tac-
ticiteit op de menging met PVF2 te onderzoeken. De interdiffusie van PMMA 
en PVF2 alsook fasescheiding in PMMA/PVF2 blends, is onderzocht met behulp 
van 1H-19F cross depolarization experimenten. De resultaten van deze studie zijn 
beschreven in hoofdstuk 8. 
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